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Abstract 
This study reconstructs the palaeoenvironmental history during the last full glacial cycle (approximately the last 
75,000 years) at Redhead Lagoon, an enclosed lake basin located in coastal, eastern New South Wales, 
Australia. This has been achieved primarily through sedimentological, palaeoecological and mineral magnetic 
analyses of long cores. The sequence adds to the limited number of long-term records in Australia and from 
this region in particular. 
The chronology of the sediment record is established through AMS radiocarbon and Optically Stimulated 
Luminescence (OSL) dating. More than 30 AMS radiocarbon ages, using a variety of pre-treatment methods, 
have been obtained for three cores, which makes this one of the most comprehensively dated lake sediment 
sequences thus far in Australia. 
During the initial stages of the last glacial period the site was dominated by a mobile dune system with no 
permanent water, supporting only semi-arid vegetation communities. The dune sand was part of a sequence of 
cliff-top dunes located on nearby Dudley Bluff emplaced by a process of 'sand ramping' during an earlier 
Pleistocene phase of lower sea level. 
Pollen analysis indicates that the sequence of vegetation changes seen at Redhead Lagoon broadly compares 
with the cyclical pattern of climatically induced changes seen in many other pollen records in southeastern 
Australia. Alternating open herbaceous and woodland/forest communities correspond with glacial and 
interglacial periods respectively. Superimposed on this pattern is a change towards a more open understorey 
vegetation assemblage, i.e. increasing values of Poaceae relative to Asteraceae (particularly type B) over the 
last 35,000 years. 
A sharp increase in the incidence of Casuarinaceae from the height of the last glacial and its subsequent 
decline relative to Eucalyptus in the latter stages of the Holocene is evident. While reduced moisture availability 
may have initially facilitated the expansion of Casuarinaceae, the restriction of Casuarinaceae during earlier 
arid periods indicates that another factor appears to have been in operation. An examination of changing 
Chenopodiaceae/Casuarinaceae ratios, an indicator of salt-tolerance, shows that soil salinity may have been a 
significant contributor to the incidence of Casuarinaceae at Redhead Lagoon. 
The driest period during the last glacial cycle occurred during MIS 2. A hiatus in one core from c. 28,000 to 
12,000 BP may have been caused by the erosion of sediments during the LGM and late glacial period. 
However, deposits dating from this period are preserved in a second core. This core indicates the presence of a 
Casuarinaceae-dominated open sclerophyll woodland in association with grassland and low water balances 
during the height of the last glacial period. 
The Holocene marks the start of a period of climatic amelioration. It is characterised by highly organic sediment 
deposition, an increase in pollen taxa diversity and the disappearance of several colder and/or drier taxa 
indicators (e.g. Asteraceae type B). The highest water balances in the sequence are attained during the early to 
mid-Holocene. This is suggested by the development of wet sclerophyll forest and the attainment of maximum 
values of taxa such as Pomaderris and Melaleuca. There is also a possible switch to a summer rainfall 
dominated climatic regime during this period. 
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Both microscopic and macroscopic charcoal counting methods have been employed in this study. Importantly, 
this has allowed the quantitative assessment of the macroscopic charcoal method over a longer time period 
than previously documented in Australian records. An evaluation of the two procedures reveals several notable 
differences. In particular, the macroscopic charcoal method records several ruore local fire events unable to be 
distinguished by the microscopic charcoal technique. 
The relative importance of climatic and human influences on environmental change has been assessed. The 
majority of changes in the vegetation and charcoal records correlate with periods of significant climatic 
fluctuation. From around 35,000 years ago the vegetation became more open and ceased to support frequent 
or intense fires, resulting in a dramatic reduction in charcoal concentrations. This change may correspond with 
the start of a period of increased aridity that has been suggested from geomorphic evidence from southwestern 
New South Wales and increased ENSO variability. The small size of the Redhead Lagoon catchment, the close 
proximity of other larger and probably more attractive sites for humans, along with the limited population and 
nomadic lifestyle of the indigenous Aborigines, were probably major factors contributing to the relatively limited 
impact. In addition, the close proximity of the site to the coastline would likely have meant that fishing was an 
important activity and the open woodland found on this sandstone catchment is unlikely to have furnished many 
useful plant foods. Therefore, there may have been little advantage for humans in a location such as Redhead 
lagoon in manipulating the vegetation using fire. 
During the mid-Holocene, however, there is evidence of increases in disturbed ground taxa and the 'fire 
adapted' genus Eucalyptus, along with increased charcoal fragments. In addition, there is a significant increase 
in the aquatic wetland plant Typha, which was extensively used by the Aborigines. In the absence of climatic 
stress the combination of these increases in various vegetation types and charcoal concentrations suggest that 
anthropogenic burning may have caused landscape change from this time. 
There have been significant environmental changes since permanent European settlement began in the 
catchment. These include the introduction of several exotic vegetation types and significant increases in 
sediment accumulation rates, charcoal particles and possibly nutrient levels. In addition, there has been a 
decline in the incidence of several tree and rainforest taxa, which may reflect land clearing practices and the 
increasing fragmentation of forest communities after the arrival of European settlers. Changes in land use and 
human activity have had far more impact on the catchment than climatic and other natural fluctuations during 
this most recent period. 
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1.0 CHAPTER 1: Introduction 
1.1 Context of the study 
The Australian environment has been shaped during the Late Quaternary by dramatic cycles of 
climatic change (known as glacial-interglacial cycles) overlain by a general trend towards drier and 
more variable climates. The most recent of these cycles, spanning approximately the last 75,000 
years, has been of particular importance, witnessing the arrival of humans on the continent and their 
subsequent impact on the landscape. Importantly, since the latest cycle lies within the range of 
radiometric dating methods, such as radiocarbon and luminescence, it is possible to place 
palaeoenvironmental reconstructions during this episode within a reliable chronological framework. 
In addition, an accurate picture of the environmental conditions throughout this period is essential for 
any attempt to assess the impact of past and future human-induced changes on the environment. 
Although several marine and ice-core records from the Southern Hemisphere span the Late 
Quaternary (e.g. Jouzel eta/. 1987, 1992; Hesse 1994; Thompson eta/. 1995, 1998; Harle 1997; 
Wang et a/. 1999; Chivas et a/. 2001; van der Kaars and De Deckker 2002; Taylor et a/. 2004), 
terrestrial records are sparse. This is particularly true of Australia, where there are very few sites 
across the continent capable of preserving long and detailed records of environmental change. The 
most well known of these include Lynch's Crater on the Atherton Tableland of northeast Queensland 
(Kershaw 1986), Lake George on the Southern Tablelands of New South Wales (Singh and Geissler 
1985), Pulbeena Swamp, Darwin Crater and Lake Selina in Tasmania (Calhoun et at. 1982; Calhoun 
and Van de Geer 1988; Calhoun et at. 1999), and the volcanic craters of Tower Hill and Lake 
Wangoom from western Victoria (D'Costa et at. 1989; Edney eta/. 1990; Harle eta/. 1999). The 
paucity of sites has resulted in an incomplete understanding of landscape response to climatic 
change throughout a full glacial-interglacial cycle. 
Not only is the Australian record limited temporally, but there are large gaps in the spatial distribution 
of studied sites. For instance, no published record spans the entire last glacial-interglacial cycle in 
New South Wales, apart from the contentious Lake George site- the results from which have been 
criticised both on the grounds of the causes attributed to the palaeoecological changes and their 
chronological interpretation (Horton 1982; Wright 1986). Yet regional studies are crucial to 
understanding the nature of environmental change, as the emerging picture of the magnitude and 
pattern of environmental change in Australia is complex, both spatially and temporally. Croke et at. 
(1996) have argued that the precise relationship between environmental change and climatic forcing 
mechanisms is often obscured at large scales of interpretation. In addition, low spatial resolution 
data tend to encourage oversimplified interpretations of the nature and mechanisms of 
environmental change. 
The paucity of terrestrial palaeoecological records yielding information on the last glacial-interglacial 
cycle has resulted in a poor understanding of the nature of the natural environment prior to the arrival 
of the first humans on the continent. Yet it has been argued that Aboriginal fire-stick farming may 
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have utterly transformed the vegetation of the continent, leading to the dominance of Eucalyptus, 
previously a minor component of the vegetational assemblage (Singh eta/. 1981; Singh and Geissler 
1985). It has also been proposed that this modification of the landscape. along with overhunting, led 
to the demise of the megafauna (Merilees 1968; Flannery 1994; Miller et at. 1999), and may have 
had a profound impact on soil erosion and landscape denudation (Hughes and Sullivan 1981). 
Records that extend to before the first arrival of humans provide the opportunity to assess the extent 
and nature of human impact on the Australian environment. This issue is of increasing importance, 
as there is now considerable public concern over the rate and direction of environmental change and 
of the role of humans in this, both in terms of landscape and climate. To many, an answer to the 
question of whether prehistoric anthropogenic global change did or did not occur is central to the 
current global climatic change debate. For example, Bird (1995) has argued that if a link between 
ancient humans and regional climatic change can be substantiated, then it would suggest that large 
areas of central Australia were rendered unsuitable for agriculture long before this was contemplated 
by humans. Nevertheless, any link between humanity and environmental change is difficult to 
ascertain, as the evidence is sometimes contradictory (Bird 1995), and nearly always controversial 
(e.g. Flannery 1994). However, the means exist to test for such a link by examining long-term 
patterns of burning, climate and vegetation changes. 
One of the major challenges in understanding Late Quaternary climatic change is why short-lived, yet 
extreme events, contrary to long-term orbitally forced trends, should occur. Well known examples of 
these include the Heinrich events, the Younger Dryas Event and the Antarctic Cold Reversal (e.g. 
Heinrich 1988; Bond eta/. 1992, 1993; Broecker eta/. 1992). However, the evidence for some of 
these events is not widespread and the timing and global extent of these rapid, extreme climatic 
oscillations, including the Younger Dryas, is still hotly debated (e.g. Bjorck and Wastegard 1999). A 
growing focus of recent research is the determination of the nature, timing and extent of climatic 
variation within the last glacial-interglacial cycle. Although short-term climatic excursions are well 
documented in many Northern Hemisphere records, there has been a great deal of debate over the 
pattern and timing of climatic change in the Late Quaternary of Australia (Kershaw and Nanson 
1993; Harle et at. 1999). It also appears that whilst the few late glacial records that exist in Australia 
have been interpreted in terms of broadscale climatic change, relatively little attention has been paid 
to the detection of short-term fluctuations, such as the Younger Dryas Climatic Reversal. 
Another important aspect of Late Quaternary records is the evidence they can potentially provide on 
vegetation dynamics through a period of intense climatic change and anthropogenic disturbance. 
This includes information on the timing and extent of plant and community changes and the possible 
role of humans in these changes, particularly through the use of fire. For example, a major feature of 
many pollen diagrams from southeastern mainland Australia is the sharp increase in the incidence of 
Casuarinaceae around the end of the last glacial period and start of the Holocene, and their 
subsequent decline in the latter stages of the Holocene relative to Eucalyptus (D'Costa et at. 1989; 
Harle 1998). Explanations for this general trend have included increases in burning, soil salinisation 
and increased moisture availability (D'Costa el at. 1989; Crowley 1994a, 1994b). A close 
examination of the relationship between the presence of charcoal and the incidence of 
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Casuarinaceae and Eucalyptus throughout the early to mid-Holocene may help to shed light on this 
debate. 
In the last two hundred years or so, the arrival of European settlers has led to radical alterations to 
the landscape and many studies have noted dramatic differences in the nature and rate of landscape 
processes between pre- and post- (European) contact periods (e.g. Benson 1991; Dodson and 
Mooney 2002). These include increases in sedimentation rates and pollutants, and changes in 
floristic assemblages and faunal communities. These changes are a consequence of land clearing 
resulting in habitat destruction as well as the introduction of exotic species (e.g. Batley 1991; Dodson 
eta/. 1993, 1995; Chenhall eta/. 1995; Mooney and Dodson 2001). However, the exact timing of 
these impacts, and the land uses and activities responsible for the greatest magnitude of impacts 
have been recently debated (Gale and Haworth 2002; Gale eta/. 2004; Tibby 2004). 
1.2 Thesis aim and objectives 
This thesis aims to reconstruct the Late Quaternary environmental history of Redhead Lagoon, an 
enclosed lake basin located in the coastal, eastern region of New South Wales (approximately 
10 km south of Newcastle). In particular, the thesis will focus on the evidence from this site for the 
nature, extent and timing of Quaternary environmental change in Australia. The information obtained 
will fill a vital gap in our understanding of Late Quaternary environments in New South Wales. 
The aim of this study will be addressed by meeting a number of objectives, which include: 
• The establishment of a reliable chronology of sedimentation in order to place any 
reconstructed environmental changes within a well-dated timeframe. 
• The determination of a range of properties providing information on changes in sediment 
composition over time. These include organic content, bulk density and mineral bulk density, 
particle size and shape, and magnetic mineralogy. 
• The reconstruction of the vegetation history and modern vegetation-pollen dynamics of the 
area by means of pollen analysis. 
• The reconstruction of local and regional fire regimes and histories by both macroscopic and 
microscopic charcoal techniques. 
• The investigation of evidence for short-term (sub-Milankovitch) climatic fluctuations 
throughout the sequence. 
• The determination of the relative significance of human activity, fire and climatic change in 
producing the present environment of Redhead Lagoon. 
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• The identification of the nature and extent of European land use impacts on the region, within 
the context of long-term environmental change and Aboriginal impact. 
1.3 Thesis outline 
Chapter 2 provides an outline of the literature on methods and techniques that have been used to 
reconstruct patterns of environmental change through the Late Quaternary. In particular, the chapter 
describes how lake sediment-based studies and three particular proxy methods have been used to 
reconstruct palaeoenvironments. 
The first section of Chapter 3 sets the background for the thesis by presenting an overview of the 
major environmental changes that have occurred throughout the Late Quaternary period. An outline 
of long-term 'natural' cycles, short-term climatic oscillations and their mechanisms and 
consequences is given. The second part of the chapter summarises the results of selected case 
studies, to provide a summary of the Late Quaternary environmental history of Australia. Lastly, the 
chapter critically examines the evidence gathered so far to reconstruct long-term fire regimes and 
possible Aboriginal impacts on the vegetation in Australia. 
Chapter 4 describes the study area, its regional setting and its physical characteristics. The chapter 
also provides a summary of the evidence concerning the human land use history of the region. 
Chapter 5 details the field and laboratory methods used in this study, while Chapter 6 presents the 
results of the various analyses performed. 
Chapters 7 to 9 discuss these results, interpreted in relation to the thesis aims and background 
information. Chapter 7 provides a chronological framework for the site, using the results of 
radiocarbon and luminescence dating. Site-specific sediment accumulation rates calculated for the 
last glacial cycle are also presented. Chapter 8 provides a synthesis of the results obtained from all 
the cores analysed in this study. In this chapter, the results are used firstly to examine modern 
vegetation-pollen dynamics and then to provide a reconstruction of palaeoenvironmental conditions 
throughout the last glacial cycle at Redhead Lagoon. In particular, the possible vegetation and fire 
histories are described and the role of climatic variability versus human impact is discussed. 
Following this, Chapter 9 specifically interprets the palaeoenvironmental reconstruction outlined in 
Chapter 8 and discusses this within the context of southeast Australia as a whole. Lastly, this 
chapter uses the results obtained from Redhead Lagoon to assess the relative impact of climate and 
humans (particularly through their use of fire) on the environment of this site throughout the Late 
Quaternary. 
Chapter 10 summarises the main outcomes and conclusions drawn from the data, evaluates the 
contribution of this study to achieving the specified aims, reviews the limitations of the study and 
makes suggestions for further research. 
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CHAPTER2: 
Lake sediments and environmental reconstruction 
2.1 Introduction 
This chapter presents an overview of some of the methods and techniques that are used to 
reconstruct patterns of environmental change during the Late Quaternary. Section 2.2 describes the 
rationale for the use of lake sediment-based studies to reconstruct patterns of environmental 
change. Section 2.3 describes some of the proxy methods used in lake sediment-based 
environmental reconstructions. Specifically, this section details the history of their use, some of their 
assumptions and limitations, and describes some applications of these techniques in reconstructing 
patterns of environmental change. 
2.2 Lake sediment-based studies 
One of the most challenging problems facing land managers is the prediction of landscape response 
to natural and anthropogenic disturbance. Such disturbance can have pronounced environmental 
effects, as well as direct social and economic impacts. For example, accelerated sedimentation is 
recognised as the greatest single non-point source pollutant of New South Wales's rivers, lakes and 
other water storages, resulting in considerable costs to affected landholders and the public sector 
(Morse and Outhet 1986). 
Knowledge of past environmental changes contributes significantly to our understanding of the 
present environment as the whole complex of interacting processes that have changed the face of 
the Earth in the past is still operating (Wasson and Clark 1987). Furthermore, it has been suggested 
that without information on long-term trends, we have somewhat optimistic expectations when trying 
to predict the effects of land-use change and to plan management strategies (Chappell 1985). 
Charles el a/. (1994) have argued that although high-quality data can be obtained in short-term 
monitoring programs, they possess many limitations that can severely limit their usefulness for 
decision making purposes. For example, many years of sampling may be necessary to collect 
sufficient data to detect a trend, especially in variable systems. It also may be impossible to 
determine whether a trend is due to anthropogenic causes or simply lies within the range of natural 
variability. Charles et a/. (1994) have added that these and other limitations can be eliminated or 
reduced by using the very long-term data that can be obtained through incorporating 
palaeoenvironmental approaches in monitoring programmes. 
It has been argued that the analysis of sediments, soils and weathering products is the most 
powerful means available for reconstructing Quaternary environmental history (Gale and Hoare 
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1991). Lake sediment records in particular preserve immense archives of information on past lake 
conditions (Charles and Smol 1994). Lake sediments have been identified as providing possibly ' .. . 
the most powerful basis for integrated insight into ecosystem variation .•. that the world presents ... ' 
(Oldfield 1977:462). Indeed, Bowler (1986) has noted that lakes integrate hydrological, sedimentary 
and biological influences over entire catchments. Moreover, lakes lack some of the complex 
processes that complicate the interpretation of river systems, so that the data contained in lake 
sediments may be both relatively continuous and capable of unequivocal interpretation (Bowler 
1986). Lake sediments also provide a basis for reconstructing many aspects of the human impact on 
the environment, for estimating rates of change, for establishing a 'dynamic' baseline in 
environmental monitoring programmes and for developing a continuum of insight into environmental 
processes and their effects (Oldfield 1977). Lake sediment-based studies thus have considerable 
potential for the illumination of the environmental history of a drainage basin in terms of both 
sediment quantity and sediment quality (Walling 1988). Lacustrine sediment records can also 
provide information on several current issues of concern - such as climatic variability and 
anthropogenic influences on lakes and their catchments. 
The major requirements for lake sediment-based studies are outlined in Walling (1988). Firstly, there 
must be a suitable lake, which has trapped sediment for a substantial period of time. Ideally the lake 
should have a high trap efficiency and preferably should be an enclosed basin. Secondly, a 
timescale of deposition needs to be established. Thirdly, there must be a means of measuring the 
total volume, or mass, of sediment trapped in the basin over successive time increments. 
Accurate sediment chronologies are of crucial importance in interpreting lake sediment archives. A 
number of radioisotope dating techniques and geochemical markers can provide reliable means of 
obtaining chronologies for sediment cores extending back hundreds of years (e.g. lead-210 and 
caesium-137), and for cores up to and over 40,000 years (e.g. radiocarbon, luminescence and 
uranium series dating). Furthermore, continuous measurements of magnetic susceptibility profiles on 
unextruded cores coupled with visual analysis of downcore stratigraphic changes provide the 
intercore correlations necessary for the determination of the volume or mass of sediment trapped in 
a basin per unit time (e.g. Bloemendal eta/. 1979; Dearing 1986). 
One of the most important requirements for studies of environmental change is the need to resolve 
change on longer timescales. One of the great virtues of lake sediment-based studies is their ability 
to do this and, in so doing, provide an empirical basis for exploring links between the full range of 
interacting anthropogenic and non-anthropogenic processes (Oldfield and Clark 1990). Such studies 
are central to any research on global change and particularly on its local and regional environmental 
impacts. 
De Boer (1997) has argued that as lake sediment-based studies extend the timescale of process 
observations, they avoid two of the main pitfalls that may be encountered when extrapolating modern 
process data. The first of these is that the time series characterising environmental processes rarely 
extend for more than a few years. Such an observation period is unlikely to provide representative 
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data even for current conditions, simply because it is too short to characterise the temporal 
behaviour of the environmental system of interest (Church 1980). The second pitfall is that 
environmental systems generally do not respond immediately to change§ in driving variables such as 
land use or climate. Instead, such systems are characterised by a reaction time that represents the 
time lag between a disturbance, or a change in the driving variables, and the response of the 
environmental system. 
Accordingly, in recent years lake sediment studies have become increasingly important. This study 
considers the evidence contained in lake sediments, exploring and illustrating the use of one of the 
most favourable contexts for reconstructing the environmental changes of the most recent past. 
2.3 Lake sediments and palaeoenvironmental reconstruction 
2.3.1 Introduction 
The physical, chemical and biological properties of lake sediments provide both direct and proxy 
evidence of past environmental change. A proxy record consists of data on one variable that can 
shed light on the value of another that itself leaves no direct record, or else leaves a record that is 
much harder to evaluate (Williams et at. 1998). Proxy records may allow the identification of the 
timing, rate and mechanisms of past changes in climate and environment. 
This section gives an overview of three techniques that have commonly been employed as proxy 
records for reconstructing environmental change throughout the Quaternary - pollen, charcoal and 
mineral magnetic analyses, all of which are used in this study. 
2.3.2 Pollen analysis 
2.3.2.1 Overview 
Pollen analysis is the cornerstone of Quaternary environmental reconstruction and the most widely-
used palaeoecological technique in Australia. The most important role of pollen analysis is in the 
reconstruction of vegetation history. Not only does pollen analysis provide a valuable measure of 
environmental change, including the changes caused by human impact on the environment, it also 
provides records that are readily comparable- with each other and with other proxy records. 
2.3.2.2 Background and application 
The study of pollen (produced by seed plants, angiosperms and gymnosperms) and spores 
(produced by pteridophytes, bryophytes, algae and fungi) are usually considered together under the 
broad heading of 'palynology' (Moore et at. 1991; Bennett and Willis 2001). Thus, both pollen and 
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spores will be referred to simply as 'pollen' throughout this thesis. Pollen grains are produced in the 
anthers of male flowers, and their function is the transfer of genetic material to female flowers or 
floral parts to effect fertilisation and seed production (Williams et a/. _1998). Pollen needs to be 
dispersed for adequate function, and dispersal can either be by water or wind activity, or as a result 
of animals. Pollen grains most commonly range between 20 and 40 ~m in diameter (Davis 2001 ), 
although they can be as small as 5 ~m and as large as 100 ~m. They have tough, resistant walls 
made of a mixture of cellulose and a complex substance called sporopollenin (Brooks eta/. 1971). 
These walls are frequently sculptured in distinctive ways (Moore et a/. 1991 ). Importantly, different 
taxa possess grains of different size and/or morphology and these variations play a fundamental role 
in the identification of pollen. 
Palynology is concerned both with the structure and the formation of pollen grains and spores, and 
with their dispersal and preservation under certain environmental conditions (Moore et a/. 1991 ). The 
analysis of the pollen content of soils and sediments has been employed for nearly a century (Faegri 
and Iversen 1989; Boyd and Hall 1998). The basis and applications of the technique have been 
reviewed by many (e.g. Erdtman 1943, 1969; Faegri and Iversen 1950, 1989; Moore eta/. 1991). 
Pollen grains have several characteristics that make them useful for studies of vegetation and 
climate change, and human environmental impacts. Sporopollenin is unusually resistant to most 
forms of chemical and physical degradation, except oxidation, so in environments where this process 
is avoided (whether due to wetness, salinity, low oxygen availability or drought), there is a chance of 
pollen survival (Moore et a/. 1991; Bennett and Willis 2001 ). Variations in the form and sculpture of 
pollen grains provide a means for identification to at least family or genus level, and to species level 
occasionally. Pollen and spores are also produced in very large numbers, providing a possibility for 
statistical studies, which lend precision to environmental reconstructions (Moore eta/. 1991). 
2.3.2.3 Pollen concentration and identification techniques 
The processes for concentrating pollen from sediments have changed little during the last forty years 
(Bennett and Willis 2001) and detailed descriptions of the methods used have been provided by 
many (e.g. Berglund and Ralska-Jasiewiczowa 1986; Faegri and Iversen 1989; Moore eta/. 1991; 
Bennett and Willis 2001). These techniques also retain and concentrate microscopic charcoal, which 
may then be quantified to reconstruct fire histories (see Section 2.3.3.1). 
The basic laboratory procedure consists of a series of steps designed to concentrate pollen grains 
and remove all other extraneous material. Steps may be included or not depending on the nature of 
the sediment. Each step is separated by washing the sample with distilled water and then 
centrifuging. The steps are: 
• the addition of exotic marker pollen (e.g. Lycopodium or Alnus) in order to obtain estimates of 
pollen concentration; 
• the removal of carbonates using hydrochloric acid; 
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• the removal of unsaturated humic colloids using an alkali treatment (e.g. potassium hydroxide); 
• the removal of silicates using hydrofluoric acid or heavy liquid separation; 
• the removal of cellulose and other polysaccharides using acid hydro~¥sis; and 
• the preparation and mounting of samples on microscope slides, using a mountant such as 
glycerol, silicone oil or glycerine jelly. 
Once the slides have been prepared, they are examined under a high power (400x to 1000x) light 
microscope for the identification and counting of pollen grains. Pollen grains can be identified by 
comparing fossil material with reference material (from the anthers of known plants}, or with pollen 
keys and photographs. Identification of pollen is possible by means of distinct features, such as 
number and location of apertures (e.g. pores and/or colpi) and the nature of sculpturing on the 
surface of the grain. The possible combinations, and nomenclature, are both numerous and complex 
(Bennett and Willis 2001 ). Detailed explanations of the morphology of pollen grains and features 
used for identification are given in textbooks such as Faegri and Iversen (1989) and Moore et at. 
(1991). Identification precision varies from family level (e.g. Poaceae) to species level (e.g. Plantago 
lanceolata), depending on the taxa involved, although typically identification is possible to generic 
level (Bennett and Willis 2001 ). 
2.3.2.4 The interpretation of pollen data 
The processes involved in the production of pollen assemblages from the source vegetation need to 
be taken into account when using pollen data to reconstruct past vegetation. There can also be 
considerable data-handling problems associated with pollen analysis, including, for example, 
subjective decisions about the inclusion of taxa in pollen sums and decisions on the use of numerical 
techniques to handle the material. These issues are considered below. 
Differential pollen productivity, dispersal and preservation 
The proportion of different pollen types deposited at a site may not have an exact relationship to the 
proportions of the various plants in the landscape from which the pollen is derived. The reasons for 
this include (as outlined in Bennett and Willis 2001 ): 
• differential production - plants vary in the amount of pollen they produce; 
• differential dispersal- plants vary in the distance to which they disperse their pollen; 
• differential preservation - pollen taxa vary in their susceptibility to degradation by biological, 
physical and chemical attack. 
Observations of modern day vegetation-pollen dynamics can be used to build up relationships 
between specific vegetation types and pollen, which can be then applied to fossil pollen 
assemblages (e.g. Tauber 1965; Dodson 1983; Kodela 1990a, 1990b, 1996). It is therefore 
important to assess the relationship between the taxa in the catchment and the modern pollen 
spectrum in attempts to interpret fossil pollen data at a particular site. Numerical approaches are 
also available to model the dispersal of different pollen types. Bennett and Willis (2001) have noted 
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that observational approaches and numerical approaches complement each other but, so far, have 
been little used in practice. Most pollen analysts still operate at the level of generally understanding 
which pollen types are over-represented and which are not. 
-
Pollen delivery mechanisms 
A range of meteorological conditions is known to influence pollen concentration in the atmosphere 
and hence pollen representation in samples (Dodson 1983). For example, grass pollen incidence 
can be directly correlated with sunshine and temperature, and indirectly with rainfall, humidity, 
convection and wind speed (Dodson 1983). Wind direction is also an important consideration. For 
example, the presence of Gyrostemonaceae pollen (an endemic family mainly found in the more dry, 
inland areas of Australia) in some eastern Australian studies may be explained by the dominant 
westerly winds that occur during the flowering period of most Australian plants (Dodson 1983). 
Tauber (1965) has constructed a model accounting for the various mechanisms by which pollen can 
arrive at a site. In this model the dispersal of pollen to a site is primarily by air movements (both 
subcanopy and above the canopy) and by rainwater fallout (Figure 2.1 ). The fallout of pollen 
attached to rainwater droplets probably accounts for the bulk of pollen removal from the atmosphere 
(Moore et a/. 1991 ). Additional sources of pollen deposition include a 'local' aquatic plant component 
and an inwashed, reworked pollen component. 
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Figure 2.1: Sources of pollen in a small lake catchment, 
based on the model of Tauber (1965). 
Source: Moore eta/. (1991). 
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Pollen counting and error estimation 
Each pollen type is normally presented as a proportion of a main sum, consisting of a total pollen 
count, which generally excludes the pollen of obligate aquatic pla[lts, moss spores and any 
unidentifiable grains (Bennett and Willis 2001). The frequency of each pollen type is then presented 
as a percentage of the main pollen sum. However, the choice of which taxa to include in the pollen 
sum is up to the individual researcher, and is therefore subjective. Bennett and Willis (2001) have 
noted that what is appropriate to include or exclude will vary regionally, and should be determined 
with reference to an appropriate flora. In general, the taxa included in the pollen sum will depend on 
the focus of the study. For example, if the focus is a history of regional vegetation change then the 
sum will tend to include only taxa with regional dispersal and/or representation. Alternatively, if the 
focus is on local vegetation history then the pollen sum may include only the locally dispersed and 
represented taxa. 
The proportion of pollen that is actually counted on a slide varies with the pollen concentration and 
accuracy required for the study, particularly with respect to minor components of the pollen 
assemblage (Moore et a/. 1991). Large counts give very reliable estimates but a compromise 
between the counting effort and the accuracy gained is necessary (Rull 1987). The proportion of the 
more common pollen types will generally be adequately estimated by relatively small total counts, 
whereas minor components require much higher sums to obtain a reliable estimate of their 
proportional contribution to the assemblage (Moore eta/. 2001 ). There have been many attempts to 
determine the minimum count needed in palynological studies. For example, Madanes and Dadon 
(1998) argued that it is not necessary to count more than 150 grains in order to characterise the 
relative incidence of the major pollen fraction of a site. They found that increasing pollen counts from 
150 to above 2, 700 grains did not yield different results among the dominant and sub-dominant 
types, which account for 70-80% of the pollen sum. However, as pollen counts increased, there was 
an increase in the number of pollen types recorded, although the types added with counts over 150 
were rare and their overall frequency never exceeded 6% (Madanes and Dadon 1998). Barkley 
(1934) concluded that there is little significant shifting of relative percentages after 200 counts. Other 
empirical evaluations have recommended minimum counts of 150, 500 and 800 to 1,000 (Rull1987). 
In one study examining the minimum statistical requirements for suitable counting, Rull (1987) found 
that the reliability of percentage and absolute calculations is not acceptable with counts of less than 
300-400 grains. 
Overall, a review of the available literature shows a high variability in pollen counts, although an 
arbitrary lower limit of 200-300 grains (of either dryland taxa or of the taxa included in the pollen 
sum) is a common criterion. It is also worthwhile to note that pollen counting is extremely time-
consuming, and efforts are currently being made towards automation of this step (see Stillman and 
Flenley 1996, Li eta/. 2004, Treloar eta/. 2004, Zhang eta/. 2004). 
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Data presentation 
Data may be expressed as the proportion of each taxon within the pollen sum, or by calculating 
abundance per unit volume or mass. The former method of 'pollen per:centage presentation' is the 
classical and most widely used way of expressing pollen data. The percentages are calculated 
based on various 'pollen sum' divisors which are designed to reflect specific properties of the 
vegetation, such as regional vs local (Davis 2001). For example, the divisor may include only the 
pollen of trees- an arboreal sum. Although an individual type may not be included in the pollen sum, 
its percentage calculation is nonetheless based on the 'pollen sum'. Percentages reflect the relative 
importance of the pollen taxa (Birks and Gordon 1985), and they are independent of changes in 
sediment accumulation rates. However, the obvious problem with percentage data is that 
percentages are interdependent. The percentage of an individual pollen type is influenced by the 
abundance of all other types in the pollen sum (Davis 2001 ). 
The problem of interdependency in relative percentage data is avoided by using 'absolute' pollen 
concentration techniques. Absolute counting yields pollen concentrations in numbers accumulating 
per unit (volume or mass) of sediment per unit time, thereby avoiding the numerical problems 
associated with closed data sets (Moore at at. 1991). Such counts are, however, influenced by 
sedimentation rates. Both absolute and percentage methods of data representation are used in this 
study. 
2.3.3 Charcoal analysis 
2.3.3.1 Overview and background 
Charcoal analysis is used to reconstruct long-term variations in fire occurrence and can also provide 
information on the human use of fire. Charcoal fragments have long been recognised amongst 
pollen recovered from swamp sediments (Iversen 1952, 1964, 1969; Swain 1973; Singh at a/. 1981; 
Patterson eta/. 1987; Martin 1996). Pollen and charcoal data from the same cores can be used to 
examine the linkages between climate, vegetation and fire, and sometimes past anthropogenic 
activities (Singh et at. 1981; Whitlock and Larsen 2001). 
Specifically, charcoal analysis quantifies the accumulation of charred particles in sediments following 
a fire event. Abundant levels of charcoal (i.e. charcoal peaks) in sediment cores are inferred to be 
evidence of past fires (Whitlock and Larsen 2001). In the last few decades several papers have 
reviewed the methods of charcoal analysis of lake sediments and the use of charcoal analysis as a 
tool for studying fire history (e.g. Patterson eta/. 1987; Clark 1988a; MacDonald eta/. 1991; Clark et 
a/. 1998; Long eta/. 1998). 
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Charcoal is produced when a fire results in the incomplete combustion of organic matter. The rate at 
which charcoal accumulates at a site depends on the characteristics of the fire and the processes 
that transport and deliver charcoal to the site (Whitlock and Larsen 20£>1). Fire size, intensity and 
severity, along with distance to the deposition site, can affect charcoal production and aerial 
transport, although little is known about these relationships (Whitlock and Millspaugh 1996; Whitlock 
and Larsen 2001 ). 
A complication in the interpretation of charcoal records arises because charcoal is derived from both 
primary sources (material introduced during or shortly after a fire) and secondary sources (material 
introduced during non-fire years as a result of surface run-off and lake-sediment mixing). This 
means that estimates of fire size, severity and intensity are possible only in the most general terms 
(Whitlock and Larsen 2001 ). Studies of modern charcoal accumulation in lakes indicate that 
charcoal deposition can take place years after the actual fire (Whitlock and Millspaugh 1996; 
Whitlock and Larsen 2001). For example, Mooney eta/. (2001) examined the charcoal content in a 
late Holocene sediment core taken from Jibbon Lagoon, in the Royal National Park, NSW. Fire 
events in the historical period were compared with the sedimentary charcoal record in an attempt to 
test its sensitivity. It was found that recent fire events were not always recorded in the charcoal 
results. At least eight significant 'signature' fires were documented in the vicinity of the catchment. 
However, only four, possibly five, of these were represented in the charcoal record, prompting the 
authors to suggest caution in interpreting charcoal records. Several overseas studies (e.g. Patterson 
eta/. 1987; Whitlock and Millspaugh 1996) have reported finding increased charcoal for substantial 
periods (five years to several decades) after fires in the catchments. A charcoal peak in the 
stratigraphic record therefore may be composed of particles deposited both during and some time 
after a fire (Whitlock and Larsen 2001 ). 
A further complication is that fine charcoal particles can be transported great distances by strong 
atmospheric currents (Patterson et at. 1987; Clark 1988a; Whitlock and Millspaugh 1996). Whitlock 
and Larsen (2001) have noted that studies of charcoal deposition following modern fires, as well as 
theoretical models of charcoal particle transport, suggest that macroscopic particles (>100 ~m in 
size) are not transported far from their source. Conversely, they noted that microscopic charcoal 
particles (<100 ~m) are able to be carried aloft during a fire and can travel long distances before 
settling. Indeed, Clark (1988a) has argued that source areas for microscopic charcoal quantified 
from pollen slides can be sub-continental to global in extent, i.e. smaller particles tend to come from 
more regional sources, larger particles from more local sources. Mooney et at. (2001) have also 
suggested that the analysis of fine charcoal particles provides only an extra-regional record of fire, 
and may allow only limited inferences about site-specific fire regimes. Therefore, there are two 
distinct methods of charcoal analysis that may be performed in order to differentiate local and 
regional fire sources- microscopic and macroscopic charcoal counting. 
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2.3.3.2 Microscopic charcoal counts 
Traditionally, the most commonly employed technique to determine fire occurrence has been the 
analysis of microscopic charcoal on pollen slides (size fractions <100 iJm). There is a number of 
methods for doing this, the most common in Australia being the point count method (Clark 1982, 
1983). This involves counting the number of charcoal particles that fall on randomly selected points 
along a series of transects. The count is expressed either as charcoal abundance or as charcoal 
area. A limitation of this method is that it results in only a coarse fire history. Since fine charcoal 
particles can theoretically be carried long distances (MacDonald eta/. 1991; Tinner eta/. 1998), it is 
likely to give a regional record of fire that cannot be separated from the local record. 
2.3.3.3 Macroscopic charcoal counts 
Larger charcoal particles will travel shorter distances and will reflect the catchment fire regime (Clark 
1988a). The analysis of macroscopic charcoal (>100 ~m in size) may therefore be used to 
reconstruct more local fire histories (e.g. Millspaugh and Whitlock 1995; Long eta/. 1998; Mooney et 
a/. 2001). The charcoal data are expressed as areal or numerical accumulation rates in a method 
that has been termed the 'Oregon sieving method' (Mooney and Radford 2001; Mooney and Black 
2003). It should be noted that while there are numerous examples of overseas studies that have 
examined macroscopic charcoal in sediments (e.g. Clark 1988b; MacDonald eta/. 1991; Millspaugh 
and Whitlock 1995; Whitlock and Millspaugh 1996; Long et at. 1998; Tinner et at. 1998), there has so 
far been very limited application of this technique in Australian studies. The few examples that exist 
in Australia include those of Martin (1994), Haberle eta/. (2001b), Mooney and Radford (2001), 
Mooney et at. (2001) and Black and Mooney (in press). 
2.3.4 Mineral magnetic analysis 
Magnetic susceptibility is the ratio of the magnetisation induced in a material to the strength of the 
applied field. It is thus a measure of the 'magnetisability' of a sample (Thompson and Oldfield 1986). 
Susceptibility may be expressed on a volume-specific basis (K) or on a mass-specific basis (X), 
where the bulk density of the sample is taken into account (Evans and Heller 2003). Volume 
magnetic susceptibility is expressed in dimensionless units, while mass-specific susceptibility is 
generally expressed in m3kg·' (Gale and Hoare 1991 ). 
Magnetic susceptibility is valuable because measurements are safe, fast, non-destructive and 
complement many other types of environmental analyses, such as pollen and charcoal analyses 
(Molyneux eta/. 1972; Dearing 1999; Evans and Heller 2003). Magnetic minerals are highly sensitive 
to changes in environmental conditions, and may provide information on the provenance of a 
sediment, on the organic content of deposits and on the secondary processes of weathering and 
diagenesis that regolith materials have undergone (Gale and Hoare 1991 ). They can be particularly 
valuable in identifying the sources and products of soil erosion and for establishing fire histories in 
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catchments {Thompson and Oldfield 1986). For these reasons, Nowaczyk (2001) has noted that 
over the last two decades, the logging of magnetic susceptibility has become one of the standard 
methods applied on stratigraphic sections and sediment cores from mariJ:le, lacustrine and terrestrial 
environments. 
Magnetic susceptibility is largely a function of the volume of ferromagnetic (e.g. native iron, cobalt 
and nickel) and ferrimagnetic minerals (e.g. magnetite and maghemite) in the sample. However, 
since ferromagnetic materials are rare on the surface of the Earth, it is the volume of ferrimagnetic 
minerals that usually determines susceptibility (Thompson and Oldfield 1986). In addition, 
susceptibility can be affected by the size and shape of the magnetic particles, their spontaneous 
magnetisation, internal stress and other nonintrinsic parameters (Thompson et at. 1975). Only where 
ferrimagnetic minerals are very sparse or absent can the presence of antiferromagnetic minerals 
contribute significantly to susceptibility (Oldfield et at. 1978). 
Low-field susceptibility gives information about the total concentration of ferrimagnetic minerals. The 
difference between low- and high-field susceptibility measurements is termed frequency-dependent 
susceptibility {X.,). Frequency-dependent susceptibility essentially detects the concentration of ultra 
fine (<0.03 ~m) ferrimagnetic minerals (Sandgren and Snowball2001). 
The magnetic susceptibility of minerogenic regolith materials may be changed by the addition of 
organic matter. Organic material may occur in a range of forms, although little is yet known of its 
magnetic susceptibility. From the data that are available it appears likely that the accumulation of 
organic matter in soils, sediments and weathering products acts to dilute concentrations of terri- and 
antiferromagnetic minerals. Therefore, overall magnetic susceptibility will be reduced, but there will 
be little effect on the ratios between various magnetic parameters such as Xro (Gale and Hoare 
1991 ). 
Atmospheric particulates, deposited either in the form of dry fallout or as the suspended or dissolved 
content of precipitation, may constitute a significant component of the mineral magnetic makeup of 
systems in which the supply of terri- and antiferromagnetic minerals is otherwise limited (Gale and 
Hoare 1991). Studies of the magnetic properties of atmospheric material have concentrated on the 
dust produced by volcanic activity, soil erosion and fires. In addition, applied with sufficiently high 
temporal resolution, magnetic susceptibility measurements may help to identify individual extreme 
events (e.g. fires) and to fingerprint the sediment that these events may have generated (Oldfield 
1999). Atmospheric material derived from industrial and urban activity may also be a source of 
magnetism in soils (Thompson and Oldfield 1986). 
Le Borgne (1955) was the first to indicate a demonstrable link between surface processes, such as 
pedogenesis or fire, and the generation of distinctive magnetic 'signatures' in the materials affected 
(Oldfield 1999). Le Borgne (1955) found that topsoil had a greater magnetic susceptibility than 
subsoil layers. He argued that the in situ enhancement of susceptibility was a result of the 
conversion of iron minerals to the more magnetic form, maghemite, within the finer grain fraction. 
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One of the most widely used applications of magnetic susceptibility measurements is that of 
lithostratigraphic correlation in individual lake basins (e.g. Bloemendal_et a/. 1979; Dearing et a/. 
1981; Oldfield et at. 1983). These deposits often contain magnetic features resulting from the influx 
of detrital allochthonous material, which can be traced across the entire lake. Detailed analysis of 
one master core from a representative site using susceptibility measurements allows extrapolation of 
the stratigraphy to other sediment cores in the basin. Results from the sediments of Lough Neagh, 
Northern Ireland, were the first to demonstrate that magnetic susceptibility could indeed be used to 
synchronise cores (Thompson et a/. 1975). Thompson and Morton (1979) also made magnetic 
susceptibility measurements on twelve cores of late Holocene sediments taken from Loch Lomond in 
Scotland. The presence of distinctive susceptibility peaks and troughs in each core allowed them to 
correlate deposits between all parts of the lake basin. 
Finally, Oldfield (1999) has cautioned that magnetic measurements are often beguilingly simple to 
carry out but frustratingly complex to interpret. The situation can be improved by including 
increasingly detailed rock magnetic characterisation of representative samples, and setting magnetic 
measurements against a wide range of independent proxies in multidisciplinary projects. 
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3.0 CHAPTER 3: 
Late Quaternary environmental history 
3.1 Introduction 
The period spanning approximately the last two million years is known as the Quaternary, although it 
should be noted that there has been much recent debate about the location of the boundary of this 
period and indeed even its name (e.g. Pillans and Naish 2004). What is certain is that this period has 
been marked by frequent climatic changes, with repeated oscillations between colder (glacial) and 
warmer (interglacial) conditions. Climatic fluctuations also occurred within glacial periods, with short 
phases of climatic amelioration (interstadials) interspersed with colder phases (stadials). The 
Quaternary has been a period of extraordinary environmental variability and ecological change, with 
only those species and communities capable of adapting to a fluctuating environment able to benefit 
(Roberts 1998). 
The first section of this chapter presents an overview of the major environmental changes of the Late 
Quaternary period. An outline will be given of long term 'natural' cycles, short-term climatic 
oscillations and their mechanisms and consequences, with special reference to changes within an 
Australian context (Section 3.2). The results of selected case studies from various environments are 
compiled in Section 3.3, to form a summary of the Late Quaternary environmental history of 
Australia. Finally, Section 3.4 critically examines the evidence used to reconstruct long-term fire 
regimes and possible Aboriginal impacts on the vegetation. 
3.2 Broad patterns of Late Quaternary environmental change 
3.2. 1 Glacial-interglacial cycles 
It is now widely accepted that the main trigger for ice-age climatic fluctuations is small variations in 
the Earth's orbit around the Sun. Serbian mathematician Milutin Milankovitch (1941) identified three 
cycles of different lengths. These include orbital eccentricity (-1 00,000 year cycle), axial tiiUobliquity 
(-41,000 year cycle) and the precession of the equinoxes (-21,000 year cycle). Subsequent 
comparison of Milankovitch's predictions with the deep-sea record of past ice-sheet expansion and 
contraction reveal a remarkably close fit, adding support to the suggestion that the cause of glacial-
interglacial cycles had been found (Imbrie and Imbrie 1979; Imbrie eta/. 1993). 
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Over approximately the last 700 ka glacial-interglacial cycles have occurred with a periodicity of 
around 100 ka, the length of the eccentricity orbital parameter. They display a slow and uneven 
cooling followed by rapid deglaciation (Williams eta/. 1998). The last iQterglacial, known as Marine 
Oxygen Isotope Stage (MIS) 5e1 , began sometime between 140 and 130 ka (Martinson eta/. 1987), 
although its precise age and duration are still under debate (Kukla eta/. 1997; Kukla 2000; Maslin et 
a/. 2001; Turner 2002). The last interglacial was a warm phase of uncertain duration, recent 
estimates range between 13 ka (e.g. Turner 2002) and 17 ka (e.g. Kukla et a/. 1997; Kukla 2000), 
and possibly over 20 ka (Kukla eta/. 2002a). This took the Earth out of an extreme glacial phase into 
conditions perhaps warmer than today (Frenzel et a/. 1992). Warming into the last interglacial may 
have occurred in two major steps, as in the case of the last deglaciation (Maslin eta/. 2001 ). Some 
authors have suggested that earlier interglacials were very similar in character to the Holocene (e.g. 
Roberts 1998), although there is evidence that some previous interglacials may have been quite 
different to the present one. For example, Harle et a/. (2002) have argued that there are marked 
differences between the nature and pattern of vegetation development in the last three interglacials 
in southeast Australia. They have attributed these to varying climatic (i.e. temperature and effective 
precipitation levels) and anthropogenic (i.e. burning) influences. In addition, several authors have 
suggested that Marine Isotope Stage 11 was much wetter than any other recorded period during the 
last million years (e.g. Kershaw eta/. 2000; Droxler et al. 2003). 
The last glacial period reached its maximum global extent around 18,000 years ago (Williams et a/. 
1998). Global sea levels were lowered on average by more than 100 m at the height of the last 
glacial (e.g. Chappell and Shackleton 1986; Chappell eta/. 1996b; McCulloch eta/. 1999; Yokoyama 
et al. 2000; Lam beck and Chappell 2001). This created expanded continental land masses in areas 
such as Australasia, where New Guinea and Tasmania joined the Australian mainland creating the 
continent known as 'Sahul' (Williams eta/. 1998; Mulvaney and Kamminga 1999). 
Estimates of temperature during the last glacial maximum (LGM) vary depending on the temperature 
proxy employed and on the location being studied. One extreme estimation is that around the LGM, 
temperatures on land fell by as much as 20°C, although there was less change in ocean 
temperatures (Wright eta/. 1993). For example, McCulloch eta/. (1999) have argued that during the 
LGM, Sr/Ca ratios in corals from Barbados, and the Indian and western Pacific Oceans, imply that 
tropical oceans were up to about 6°C cooler than at present (e.g. Guilderson et al. 1994; Colonna et 
a/. 1996; McCulloch eta/. 1996; Becket a/. 1997). They added that terrestrial records of temperature 
inferred from snow lines and ice cores from tropical mountains (e.g. Webster and Streten 1978; Rind 
and Peteet 1985; Thompson et a/. 1995) are also generally consistent with such cooling. However, 
1 The following explanation of marine oxygen isotope stages is from Williams et a/. (1998). The most widely employed proxy record for 
Quaternary ice volume comes from the oxygen isotopes preserved in marine foraminifera. Foraminifera reflect the changing isotope abundances 
in their environment. The major influence on the oxygen isotope record during the Quaternary is the periodic removal of large amounts of the light 
isotope C60) from the oceans and its storage in glacial ice on land. This means that the changes in the 180 values in Quaternary plankton fossils 
were largely caused by changes in the abundance of 180 and 180 in the oceans. The changing isotopic chemistry of the foraminifera may 
therefore be used as a proxy of i~volumes. The marine 0180 record is particularly important, as the Quaternary period has been subdivided on 
the basis of the fluctuatiOns contained in this record, which are taken to reflect ice volume growth and decay. The Quaternary period has thereby 
been divided into Marine Oxygen Isotope Stages (MIS). These are numbered back in time from the present, with warm periods always given odd 
numbers and cold phases even numbers. Some stages are divided into substages and given letter codes, e.g. the warmest part of the 
penultimate interglacial. stage 5. is termed substage 5e. 
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there is a discrepancy between these records and oxygen isotope studies of planktonic foraminifera 
{e.g. Broecker 1986; Thunell eta/. 1994) and alkenones {e.g. Prahl eta/. 1989; Ohkouchi eta/. 
1994), which show a change in glacial sea surface temperatures of onjy a few degrees celsius at 
most {McCulloch eta/. 1999). Additionally, Chappell {2003) has recently suggested that the LGM in 
Australia was much colder and significantly drier for longer than previously believed. For example, 
temperatures during the LGM in the Snowy Mountains region of New South Wales are estimated to 
have been about 8-9°C colder than today {e.g. Barrows eta/. 2001 ). 
Despite arguments about the former strength and location of the trade winds, westerlies and 
monsoonal air masses {e.g. Hesse eta/. 2004; Shulmeister eta/. 2004), there is a strong consensus 
that glacial maxima were drier than today and interglacial maxima were as wet or wetter {Williams et 
a/. 1998). The Northern Hemisphere evidence of enhanced aeolian dust flux during glacial maxima is 
strongly supported by the evidence from Australia {Hesse 1994; McTainsh and Lynch 1996) and 
Patagonia {Yung eta/. 1996 ). 
3.2.2 Shott-term climatic oscillations 
In addition to the long-term variations in climate during the Quaternary, high-resolution records 
provide evidence of rapid climatic variations that are superimposed on the orbitally driven broad 
cycles of ice growth and recession {Lowe and Walker 1997; Asioli eta/. 1999). These short lived 
'sub-Milankovitch' events occur over varying timescales and include Dansgaard-Oeschger events, 
Bond cycles and Heinrich events. Research into these phenomena in the last two decades has led to 
millennia! to submillennial scale climatic variability now being recognised as a characteristic feature 
of the global climate during the last glaciation. 
Rapid temperature oscillations, termed 'Dansgaard-Oeschger' {D-0) events, have been recorded in 
the Greenland ice core records {Dansgaard eta/. 1993). Isotopically, the amplitude of a typical D-0 
event is about 50-75% of the full glacial-interglacial range {Stuiver and Grootes 2000). Marine 
records have also revealed a distinctive pattern in the incidence of D-O events. D-O events have an 
average period of c. 1,460 years, consisting of a cold phase of c. 600 years that terminates with an 
abrupt switch to a warmer period {Bond et a/. 1993; Chappell 2002). In North Atlantic marine 
sediments, D-0 events have been grouped ·into bundles of progressive cooling, lasting on average 
between 10,000 to 15,000 years, which have been labelled 'Bond cycles' {Bond eta/. 1993). Each of 
these 'bundles' forms a distinctive saw-toothed pattern of climatic variation. Many of these short-term 
cycles have been recognised globally, although they are of smaller magnitude than those identified in 
the North Atlantic {Jouzel eta/. 1992). Arguably, this type of cyclicity has also been recognised in the 
form of strong aeolian activity within lacustrine cores from the now inundated Lake Carpentaria, 
northern Australia {De Deckker eta/. 1991). More recently, it has been argued that a high-resolution 
record of surface moisture, based on the degree of peat humification and the ratio of sedges to 
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grass at Lynch's Crater, northeastern Australia, indicates periods of frequent El Nino (dry) events 
(Turney et a/. 2004). The authors argued that these dry periods may be correlated with the D-0 
warm events in the North Atlantic climate record, although they notec:L that no direct atmospheric 
connection from the North Atlantic to the site can be invoked. Furthermore, they have suggested that 
climate variations in the tropical Pacific Ocean, on both millennia! and orbital timescales, have not 
only determined precipitation in northeastern Australia, but have also exerted an influence on the 
North Atlantic climate through atmospheric and oceanic teleconnections. 
Bond et a/. (1997) have suggested that we currently know too little to be sure of the exact origin of 
the c. 1,500 year cycles (D-0 cycles). Increasing evidence of their constant pacing across major 
stage boundaries almost certainly rules out any origin linked to ice sheet dynamics. Instead, they 
proposed that the close correlation of shifts in ocean surface circulation with changes in atmospheric 
circulation above Greenland is consistent with a coupled ocean-atmosphere process. In particular, 
changes in the North Atlantic Ocean thermohaline circulation have been proposed as a possible 
cause of the D-0 events (Broecker et a/. 1985; Broecker and Denton 1989). By contrast, Chappell 
(2002) has suggested that the simultaneous occurrence of rapid changes in regions far from the 
North Atlantic ice fields indicates wide-ranging links in the climate system. Bond eta/. (1997) have 
also noted that changes in solar output have been suggested as a forcing factor for millennial-scale 
climatic variability, although no evidence of a solar cycle in the range of c. 1,500 years has yet been 
found. 
An additional complication in explaining climatic change is that new evidence from ice cores and 
deep sea sediments also indicates that the climates of the two hemispheres may not be 
synchronised in their response to climatic forcing (e.g. Blunier eta/. 1998; Blunier and Brook 2001). 
The extent to which abrupt climatic shifts are globally synchronous may be pivotal to our 
understanding of global climate mechanisms (Maslin et a/. 2001). Maslin et a/. (2001) have 
suggested that comparisons of the synchronicity of climatic signals from Greenland and Antarctica 
have fuelled speculation about the global mechanisms that could account for synchronous and 
asynchronous inter-hemispheric climatic changes. A major debate has emerged, revolving around 
whether short-term changes in oceanic circulation or in atmospheric gas content constitute the main 
driving force behind short-lived climatic perturbations. For example, Broecker (1998, 2000) has 
suggested a 'bipolar seesaw behaviour in thermohaline circulation' as a mechanism that could 
explain an anti-phase relationship between the two hemispheres. Alternatively, Denton eta/. (1999) 
have proposed that synchronous climatic shifts between the two hemispheres are driven by changes 
in atmospheric greenhouse gas content (e.g. methane, carbon dioxide, atmospheric moisture). 
According to Maslin et a/. (2001 ), it is difficult to test these alternative hypotheses robustly due to 
several limitations, such as dating difficulties and a lack of detailed records in the Southern 
Hemisphere in particular. 
Sediment cores from the North Atlantic containing layers of ice-rafted debris (Heinrich 1988) have 
revealed another phenomenon linked with the mechanism generating Bond cycles (Bond et a/. 1993, 
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1997, 1999). Each layer of debris (or detritus) appears to have been a consequence of massive ice-
rafting and subsequent melting in the Northern Atlantic. These episodes have been termed 'Heinrich 
events' (Heinrich 1988; Broecker at a/. 1992; Bond at a/. 1993, 1997). TIJe Heinrich events appear to 
have occurred in the coldest stadials, immediately prior to the rapid warming marking the boundary 
of a Bond cycle (Bond et a/. 1993). Broecker (2000) has argued that while these events appear to 
have affected the sequence of millennia! duration events (i.e. D-0 and Bond cycles), the nature of 
their impact remains unclear as most records are dominated by D-0 events with little or no evidence 
of Heinrich events, apart from two records from the USA where the opposite is the case. 
In addition to D-0 events, Bond cycles and Heinrich events, two catastrophic meltwater releases 
also punctuated the last glacial period (Broecker 2000). It was Roath (1982) who first suggested that 
the diversion of the outfiow of pro-glacial Lake Agassiz from the Mississippi to the St Lawrence 
drainage supplied a 'knock out punch' to deep water formation in the Northern Atlantic, and thereby 
initiated a cold event known as the Younger Dryas Climatic Reversal. The Younger Dryas occurred 
between c. 11,000 to 10,000 BP2, and caused temperatures in northwest Europe, where it has been 
studied most intensively, to fall back to almost full-glacial levels, interrupting a warming trend that 
had occurred since the LGM. Broecker (2000) has argued that subsequent studies have provided 
convincing support for Roath's (1982) original hypothesis. Another cooling event occurred in the 
early Holocene (8,200 years ago) and is recorded in Greenland ice-core proxies, although this event 
was approximately half the amplitude of the Younger Dryas (Alley et a/. 1997). Although the 
radiocarbon evidence is less firm, this event may also have been triggered by a meltwater release 
from a pro-glacial lake located to the south of what is now James Bay, Canada (Barber eta/. 1999; 
Broecker 2000). As these abrupt, catastrophic events have important climatic consequences, much 
scientific research has been directed towards the study of these phenomena in recent years. The 
evidence for the presence of one of these short-lived climatic oscillations, the Younger Dryas, in the 
Australian region is examined in Section 3.3.5. 
2 Radiocarbon ages can be expressed as either uncalibrated or calibrated 14C ages. Calibrated 14C ages are based on the need to correct for 
past variations in atmospheric 14C concentration so that events can be compared on a calendar timescale. To avoid confusion and because 
much of the e;nod with which this study is concerned predates available calibration models, radiocarbon ages in this thesis are expressed in 
uncalibrated 4C years before present (BP), where present is taken as 1950 AD, unless stated otherwise. Ages are calculated using the Libby 
half-life of 5, 568 years. 
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3.3 The Late Quaternary environmental history of Australia 
3.3.1 Overview 
The Australian continent has become progressively more arid since the Miocene (Wasson and Clark 
1987; Martin 1998). Closed forests have become more restricted while open vegetation communities 
have expanded in response to increasing seasonal aridity and extremes in temperature regimes 
(e.g. Bowler 1982; Nix 1982; Truswell and Harris 1982). The first evidence of the arid sediments and 
landforms that are now widespread in Australia occurs within the last 700 ka (Bowler 1982; Wasson 
1982), co-inciding with the period of 100 ka glacial-interglacial cycle dominance (Wasson and Clark 
1987). 
Australia's climatic history over the past 300 ka has been characterised by episodes of alternating 
arid (dry) and fluvial (wet) climate, broadly and respectively associated with the Late Quaternary 
glacials and interglacials (Nanson et a/. 1992). Harle et a/. (2002) have suggested that many 
terrestrial records in Australia provide evidence of changing vegetation and lake-levels in response 
mainly to fluctuations in effective precipitation and that these changes may not necessarily have 
been synchronous or in phase with changes in temperature. Superimposed on these appears to be a 
long-term trend towards drier and more variable climates within the last 350 ka (e.g. Longmore 
1997). This trend towards aridity may have been initiated by changes in atmospheric and oceanic 
circulation resulting from Australia's northward continental drift and the subsequent initiation or 
expansion of the West Pacific Warm Pool (WPWP) (Kershaw eta/. 2003a). This, in turn, may have 
initiated the onset or intensification of the El Niflo-Southern Oscillation (ENSO) system of climatic 
variability (Godfrey 1996) and a subsequent reduction in summer monsoon activity (Kershaw eta/. 
2003a). Alternatively, human induced explanations of climate change have also been suggested, in 
particular an increase in biomass burning has been attributed to the activities of indigenous people 
(e.g. Singh eta/. 1981). 
Reconstructions of the Late Quaternary environmental history of Australia have been derived from a 
number of lines of evidence, including geomorphology, sedimentology, geochemistry and palynology. 
The longest and most continuous of these are long pollen records from lakes and swamps. Most of 
these sites are concentrated in three main regions, the volcanic craters of the Atherton Tablelands 
[e.g. Lynch's Crater (Kershaw 1978, 1986)], the volcanic plains of western Victoria [e.g. Lake 
Wangoom (Edney et a/. 1990; Harle et at. 1999)], and the western highlands of Tasmania [e.g. 
Pulbeena Swamp (Calhoun et a/. 1982)]. The two most well known long pollen records are from 
Lake George (Southern Tablelands of New South Wales) which spans the last 780 ka (Singh and 
Geissler 1985), and Lynch's Crater (on the Atherton Tablelands of northeast Queensland) spanning 
approximately the last 200 ka (Kershaw 1978, 1986). Lake George (Singh and Geissler 1985) is an 
internal drainage basin, located 40 km northeast of Canberra. The record from this site shows 
distinctive vegetation changes suggestive of glacial-interglacial cycles. Glacial periods are 
associated with grasslands, herbfields and cool temperate taxa. Warm periods are indicated by 
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sclerophyll vegetation. The major feature of the Lake George record is that open sclerophyll forest, 
and Eucalyptus in particular, dominated for the first time in 'zone F' {originally assigned to the last 
interglacial), compared with previous interglacials {zones J and .J-1), where Casuarina and 
Podocarpus were dominant. Zone F also contained a large increase in charcoal, which has been 
interpreted as a record of the arrival of humans around 128,000 years ago. This has drawn 
considerable criticism, particularly in regard to the interpretation of the dating of the core {e.g. Wright 
1986), the coarseness of the sampling scheme {e.g. Clark 1983) which includes substantial gaps, 
and the cause attributed to the palaeoecological changes {e.g. Horton 1982). Lynch's Crater, on the 
Atherton Tablelands of northeastern Queensland, provides one of the longest continuous terrestrial 
sequences in the world from the tropical region {Kershaw 1978; Turney et at. 2001a, 2004). This 
record indicates that the current dominance of sclerophyll vegetation is only relatively recent {the 
latter part of the last glacial), when Araucarian forest was replaced by Casuarina and Eucalyptus. 
There was some recovery of the rainforest during the Holocene, but the vegetation is different from 
the previous interglacial {e.g. gymnosperms are reduced). These two records are always prominent 
in any discussion of Quaternary environments in Australia, and are referred to in many sections of 
this thesis. 
In order to provide a more detailed picture of the environment in Australia over the last glacial cycle 
{approximately the last 75 ka) selected case studies from a number of different sources and 
environments are described in the following discussion. However, it must be noted that the data are 
incomplete and not without limitations. For example, by comparison with the Northern Hemisphere, 
there are relatively few continuous and well-dated Quaternary sequences in the Southern 
Hemisphere, and in Australia in particular. Wasson and Clark {1987) have also noted that Australian 
stratigraphic sequences are either incomplete or absent from large areas of the continent, i.e. there 
are large spatial and temporal gaps. Another issue is a lack of high resolution chronological control 
in many studies. This is largely due to limitations in the dating techniques, problems with the 
availability and presence of suitable material to date, and discontinuities in many sequences. Such 
gaps are well illustrated by a study by Pickett at a/. {2000) which attempted to map the vegetation of 
the South East Asian, Pacific and Australian {SEAPAC) regions. Although they were able to produce 
broad scale patterns of vegetation distribution, it was noted that sites from coastal NSW and 'dry 
sclerophyll' woodlands were missing from this reconstruction. The research presented in this thesis 
may go some way to filling this gap. 
The location of sites referred to in Sections 3.3.2-3.3.6 is shown in Figure 3.1. Selected results from 
some of the major Late Quaternary sites in Australia are compiled in Figure 3.2. 
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3.3.2 Early last glacial (MIS 5a and 4: c. 79-59 ka) 
The period encompassing the end of MIS 5 and the start of the last glacial cycle (early MIS 4) was a 
time when both sea levels and temperatures started to decrease. In the initial phase of this period 
Australia may have experienced improved water balance, as temperatures were dropping and 
evaporation rates decreasing. Kershaw and Nanson (1993) have argued that temperature and 
effective precipitation have not always been in phase, and the most positive water balances during 
the last full glacial cycle in the Australian region appear to correspond with the interstadials within the 
latter part of MIS 5. For example, on the Murrumbidgee sector of the Riverine Plain in southeastern 
NSW, a period of palaeochannel activity has been identified from before the start of this period 
(105 ka) until around 80 ka (Page et at. 1996). The Cranebrook Terrace on the Nepean River, close 
to the coast, recorded a peak flow around 80 ka, and coastal rivers transported coarse gravel and 
sand until about 70 ka (Nanson et at. 1992). Madigan Gulf, the largest of three large bays at the 
southern end of Lake Eyre North, has also been the subject of extensive study investigating the 
history of the lake's reaction to climatic changes during the last full glacial cycle (Magee et at. 1995; 
Magee and Miller 1998). Results indicate that between 90 and 70 ka, Lake Eyre oscillated between 
ephemeral and more permanent saline conditions, with occasional brackish to fresh interludes. 
After the initial phase of higher water balances, the evidence overall suggests that most of the period 
between c. 79 and 59 ka was cool and arid, and mainland aeolian deposits suggest that arid 
conditions prevailed at this time. On the Riverine Plain, dunes bordering streams and lakes started to 
form between 70 and 50 ka (Nanson et at. 1992). Little fluvial activity was recorded in the 
Murrumbidgee River between c. 80 and 55 ka (Page et at. 1996). Lake Eyre eventually became dry 
again, with soil formation occurring before about 70 ka and dune-building and deflation processes 
occurring between c. 60 and 50 ka (Magee et at. 1995). 
Further support for increased cooling during this period comes from a study of the glacial landforms 
on the Kosciuszko Massif in the Snowy Mountains. Barrows et at. (2001) found evidence of two 
glaciations during the last glacial cycle, with the first and most extensive (termed the 'Early 
Kosciuszko') occurring during the Stage 4 stadial (between c. 65 and 55 ka). The second and less 
significant glaciation occurred throughout the LGM period (see Section 3.3.4). This difference may 
be a result of a greater availability of moisture in MIS 4 compared to MIS 2 (Hesse et at. 2004). 
Additionally, the pollen records from southern and eastern Australia suggest a colder and more arid 
period during this time, with herbs and sclerophyll woodland taxa becoming dominant (Singh and 
Geissler 1985; Kershaw et at. 1991b; Colhoun 2000; Harle et at. 2002). 
3.3.3 Interstadial (MIS 3: c. 59-24 ka) 
Overall, MIS 3, an interstadial, appears to correspond with a period of high water levels in 
southeastern Australia, and is generally known as a 'lacustral' or 'pluvial' period (e.g. Bowler 1981, 
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1986; Chappell 1991; Nanson eta/. 1992). Terrestrial records from southeastern Australia suggest 
that available moisture was greater than the previous period, especially in the initial part of this 
period (until c. 40 ka). From about 60 ka, the catchments on the so.uthern half of the Eastern 
Highlands, which supplied water to the Murrumbidgee, Murray and southeastern rivers, were well-
watered and by 55 ka all the lakes in the Murray Basin were full (White 1994). Two phases of 
palaeochannel activity (55 to 35 ka and 35 to 25 ka) have been identified during MIS 3 on the 
Murrumbidgee sector of the Riverine Plain. Page et a/. (1996) have argued that this first phase 
correlates with episodes of enhanced fluvial activity in northern and central Australia, while the 
second phase appears to be associated with seasonal snow melt and increased peak flows in the 
period before the LGM. 
Lake George was higher during this period than any time since (Coventry 1976; Coventry and 
Walker 1977) and other lakes of the Australian interior were also extensive, which Bowler ( 1981) has 
argued is clear evidence of a quite different hydrological regime to that of the present. Further 
evidence of increased rainfall and heightened fluvial activity comes from sites on the Nepean River 
near Sydney (Nanson eta/. 1987; Nanson and Young 1988). A large alluvial terrace deposit was laid 
down by a braided river system between c. 45 and 40 ka. This period has been termed the 
'Cranebrook Pluvial' period, and was a time of very active rivers (Nanson eta/. 1987; Nanson and 
Young 1988). Nanson and Young (1988) have argued that the Cranebrook Pluvial was probably the 
most important erosional-depositional episode in the non-glacially affected areas of southeastern 
Australia in the last 50 ka. 
One of the best documented palaeoenvironmental records in Australia comes from the Willandra 
Lakes of southwest New South Wales. Between c. 50 and 35 ka was a time of high lake levels, 
termed the 'wet lacustrine phase' or the 'Mungo Lacustral Phase' (Bowler 1981, 1986). More 
recently, however, Bowler et a/. (2003) have suggested that stratigraphic evidence at Lake Mungo, 
part of the Willandra Lakes system, indicates fluctuations between lake-full and drier conditions from 
50 to 40 ka. This is simultaneous with increased dust deposition, human arrival and continent-wide 
extinction of the megafauna. They added that following this period '... a most significant climatic 
change of the last 60 ka occurred near 40 ka, when early Homo sapiens ... were forced to adapt to 
increasing [and sustained) aridity' (Bowler et a/. 2003:840). In addition, there are apparent 
contradictions in pollen records from sites in northeast Queensland (e.g. Kershaw 1986), 
southeastern Australia (e.g. Kershaw eta/. 1991a) and Tasmania (e.g. Calhoun eta/. 1982). These 
records suggest drier conditions than the Holocene during part if not all of the lacustral period. 
Chappell (1991) has suggested that an explanation for this apparent contradiction may be found in 
the effects of temperature on evaporation. On the other hand, it is very difficult to attribute the earlier 
great expansion of Lake Gregory and Lake Woods in northern Australia, for example, to reduced 
evaporation (caused by lower temperatures during this period) alone. 
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3.3.4 Last glacial maximum (MIS 2: c. 24-18 ka) 
The more humid period of the 'lacustral phase' (MIS 3) was followed by a trend towards increasing 
aridity. This aridity reached a climax around the last glacial maximum ""(LGM), which is recognised 
globally as occurring about 18 ka. Numerous geomorphological and palaeoecological studies have 
found that in general very dry conditions prevailed over much of Australia during the period 25 to 
12 ka, with precipitation levels well below present in the tropical northeast (Kershaw 1986) and the 
temperate southeast (Bowler 1978a; Dodson and Ono 1997). 
The actual length of the LGM is uncertain. For example, Lam beck and Chappell (2001) have argued 
that if the LGM is defined by the timing of maximum global ice volumes then this interval lasted about 
10,000 years. Yet this is longer than the interval that is usually inferred from the benthic foraminifera 
oxygen isotope record (e.g. Bard 1999). More recently, Barrows et a/. (2002) have specifically 
investigated the timing of the LGM in Australia by dating boulders in glaciated areas using the 
cosmogenic isotopes 36CI and 10Be. These constrain the timing of maximum glacier extent during the 
LGM to between 20 and 17 ka. 
Sea levels fell to their lowest levels during the LGM, exposing large stretches of Bass Strait and 
linking the mainland with Tasmania (Chappell and Thorn 1977; Chappell 1983a; Chappell and 
Shackleton 1986). Average sea level was c. 125m lower during the LGM (McCulloch eta/. 1999). As 
a result, the land area of Australia was increased by a fifth, and the mainland of Australia was linked 
to New Guinea (Williams et a/. 1998). The Gulf of Carpentaria was isolated from the ocean and 
became a large lake (Torgersen eta/. 1988; DeDeckker eta/. 1991 ). This exposed land would have 
diverted the warm south equatorial current from its path between the two large islands, thereby 
depriving northern Australia of a major source of moist maritime air and further accentuating Late 
Pleistocene aridity in the region (Williams et a/. 1998). Much of the continental shelf that is now 
ocean floor comprised low-lying plains. Some would have been a continuation of the dunefields, but 
others were likely to include resource-rich coastal lakes and lagoons, and rugged hills, plateaus, 
canyons and river valleys (Mulvaney and Kamminga 1999). 
It has also been suggested that there were changes in the mid-latitude westerly circulation during the 
last glacial maximum, as well as changes in the latitude of the sub-tropical high pressure ridge over 
southern Australia (Hesse eta/. 2004; Shulmeister eta/. 2004). The anticyclonic conditions over the 
interior of the continent would have become more intense due to lower ground surface temperatures 
(Gates 1976a, 1976b), and lower sea surface temperatures are likely to have moderated the 
development of tropical cyclones over northern Australia (Wyrwoll and Milton 1976). Additionally, 
Hesse et al. (2004) have suggested that the summer monsoon failed to bring moisture to northern 
Australia during the LGM, resulting in significant aridity over much of northern Australia. These 
factors, together with the greater continentality resulting from the exposure of wide continental 
shelves, may have led to greater seasonal contrasts during the LGM, in which cool stormy winters 
alternated with hot dry dusty summers (Bowler 1978a). Outbreaks of hot dry air from continental 
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interiors may also have been more frequent during glacial stage summers than they are now, 
bringing aridity closer to the humid coastal fringes (White 1994). 
There was an extensive dune-building phase during the LGM (e.g. Bowler 1978a, 1986; Lees eta/. 
1990; Nanson et a/. 1993, 1995a; Croke et a/. 1996; Hesse et a/. 2003) and many of the now 
vegetated dune systems were also active during this period (Williams eta/. 1998). In addition, there 
is evidence from a number of sites from Tasmania to north Queensland for extensive aeolian 
instability of coastal sand deposits (Them eta/. 1994). One of the factors responsible for accelerated 
dune construction and the expansion of desert zones may have been the increased wind velocities 
associated with steeper glacial age pressure gradients (Bowler 1986). However, the consistent size 
of aeolian dust in deep-sea sediments from the Tasman Sea, both during and after the LGM, 
provides no evidence for stronger westerly winds at the latitudes of southern Australia during the 
LGM (Hesse and McTainsh 1999; Hesse et a/. 2000). Instead, a reduction in vegetation cover, 
possibly caused by a reduction in atmospheric carbon dioxide concentrations, might explain the 
enhanced dust load and dune formation during this period (see also Hesse eta/. 2003, 2004). 
The trend of increasing aridity at the height of the last glacial led to lake levels fluctuating between 
intermediate and dry, resulting in the exposure of lake bottoms (Harrison 1993). Lake-level data from 
sites across the continent show that at around 18,000 BP most lakes were low and conditions were 
on average drier than today (Harrison and Dodson 1993). De Deckker eta/. (1991) have argued that 
most sites in Australia would have undergone deflation during this period, resulting in a loss of 
depositional records. The trend of increasing aridity is clearly visible in sequences from the Willandra 
Lakes (Bowler and Wasson 1984) and Lake Keilambete in western Victoria (Dodson 1974; Bowler 
1981). Lake George, in southeast New South Wales, was also either ephemeral or dry (Coventry 
1976; Singh and Geissler 1985), with a soil disconformity indicative of dry lake conditions dating to 
c. 17 ka (Singh and Geissler 1985). The area of desert dunes in Australia was dramatically larger 
during this period, with longitudinal dunes, characteristic of deserts, occurring near Melbourne, on 
Kangaroo Island and in northeastern Tasmania (De Deckker 1986). 
Importantly, Bowler (2000) has argued that while evidence of widespread dune building and lake 
floor deflation contributes to evidence of aridity during this period, such evidence varies depending 
on the location from which it is derived. He noted that records from lake basins remote from 
catchment sources (such as Lakes Tyrrell, Frome and Eyre, and those of the Willandra system) 
were subject to basin deflation at this time. Conversely, lake basins marginal to upland catchments 
during this interval provide evidence of a relative abundance of water, with levels often exceeding 
those in the same systems today. For example, a period of palaeochannel activity between 20 and 
13 ka has been identified on the Riverine Plain (Page et a/. 1996). In addition, Lake Urana (in the 
Murrumbidgee catchment) retains evidence of shoreline dune building under high water-level 
conditions throughout this period (Page eta/. 1994). Bowler (2000) has suggested that the apparent 
contradiction between arid conditions in systems far removed from effective catchments and those 
marginal to catchment sources is a function of improved catchment efficiency during this period of 
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greatly reduced temperature. Improved catchment efficiency includes reduced evaporation and 
subsequent increases in effective precipitation. This resulted in the existence of pluvial systems near 
the foothills contrasting with arid conditions on the plains in Australia. In _addition, Page eta/. (1996) 
have suggested that evidence from the Riverine Plain indicates that there was only a brief period of 
aridity and reduced fluvial activity centred on the LGM. This separated moister periods leading into 
and trailing the time of maximum cooling. This apparent short period of aridity remains a conundrum, 
and is clearly contrary to the widely accepted pattern of severe aridity in southern Australia 
throughout all, or the majority, of MIS 2. 
Increasing aridity appears to have led to a contraction in the distribution of closed forest communities 
and their replacement by more open woodlands, grasslands and (in upland areas) alpine vegetation 
(Dodson 1994). Extensive areas of southern Australia were vegetated by a semi-arid grassland-
steppe plant community that is absent from Australia today (Dodson eta/. 1992). Pollen sequences 
illustrating these trends have been obtained from Tasmania (e.g. Colhoun eta/. 1982; Colhoun and 
Van de Geer 1988), Victoria (e.g. Kershaw eta/. 1991a), South Australia (e.g. Dodson 1975, 1977a) 
and New South Wales (e.g. Singh and Geissler 1985; Dodson and Wright 1989). At Lynch's Crater, 
during the period 25 to 19 ka, there was an almost total replacement of rainforest by a sparse cover 
of sclerophyll vegetation and grassland (Kershaw 1986). The closest long pollen records to the study 
site in this thesis, Lake George (Singh and Geissler 1985) and Barrington Tops (Sweller and Martin 
2001 ), indicate that a treeless alpine grassland/herbfield existed at these sites during the LGM. 
Hesse et a/. (2003) have suggested that the much lower atmospheric carbon dioxide levels 
experienced during the LGM induced water stress in vegetation, similar to the effects of climatic 
drought. They concluded that carbon dioxide stress, in addition to colder temperatures, modestly 
lower rainfall and periodic burning, may have been responsible for the widespread treeless 
vegetation covering southeastern Australia during the LGM. 
At this time also, snowfalls were common along the Eastern Highlands, as far north as the 
Queensland border (Galloway 1986). A small part of the Australian mainland was glaciated, as part 
of a sequence of glacier advances termed the 'Late Kosciuszko Glaciation' (Barrows et a/. 2001, 
2002). In contrast, glaciers in the highlands of Tasmania were widespread (Colhoun and Fitzsimons 
1990; Barrows eta/. 2002). 
Galloway (1965) has suggested that the LGM was much drier than today, with possibly 50% less 
precipitation, temperatures perhaps 9'C lower and summers like winters now. Glacial times probably 
also experienced enhanced seasonality (English et a/. 2001 ). In addition, the exposure dating of 
boulders in glacial areas support Galloway's (1965) estimates of temperature and precipitation 
during the LGM (Barrows eta/. 2001). Temperature estimates based on pollen data from Lake 
George also indicate around 8-10'C cooling during the LGM (Singh and Geissler 1985). In a study 
using temperature-dependent amino-acid racemisation dating of emu eggshell fragments, Miller et 
a/. (1997) suggested that millennial-scale average air temperatures were at least 9'C lower between 
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45 and 16 ka. As a result of this research, they argued that the concept of a relatively sharp drop in 
temperature at the glacial maximum, with stable conditions before and after, is no longer acceptable. 
It is important to keep in mind that not all areas would have experienced exactly the same 
temperature and precipitation changes during the LGM. For example, Barrows et a/. (1996) have 
developed maps of sea-surface temperatures during the LGM from the information held in the 
Australian Quaternary Climates Database and found that in coastal areas these do not always 
correspond with terrestrial temperature records. The maps indicated that coastal NSW showed only 
3-4°C of cooling during the LGM, whereas temperatures on the Southern Tablelands were colder by 
9°C. Bowler (2000) has thus cautioned that there may not be a simple climatic picture of the LGM in 
Australia, as the evidence suggests the simultaneous existence of both wetter and drier 
environments than today, although in substantially different hydrologic settings. 
3.3.5 Late glacial (MIS 2: c. 1~12 ka) 
The late glacial period was generally one of rapid warming after the last glacial maximum. From 
c. 15 ka global temperatures increased, glaciers melted and sea levels rose (Thorn and Chappell 
1975; Grindrod and Rhodes 1984). As a result, the Sahulland area shrank (by approximately 20%) 
and the present coastline began to form about 6 ka (Thorn and Chappell 1975; Mulvaney and 
Kamminga 1999). Flooding of the continental shelves by rising sea level also rapidly reduced the 
continentality of Australia, which directly affected climates (Chappell1991). De Deckker (1986) has 
noted that after having survived extensive aridity, the biota also had to survive a relatively rapid 
marine inundation of refuge areas during this period. Accompanying sea level rise was the formation 
of transgressive coastal dunes (Pye and Bowman 1984) and the landward transport of sediment 
(Roy 1984). 
Dated recessional moraine sequences on the Kosciuszko Massif indicate that deglaciation occurred 
quickly in Australia, within 2,000 to 3,000 years at most after the glacial maximum (Barrows et a/. 
2002). Evidence of short-term climatic reversals, such as short-lived readvances of glaciers and cold 
conditions, has been noted during this period at many sites worldwide (e.g. Jouzel et at. 1992). 
These sites are predominantly in the Northern Hemisphere, but there is also evidence from sites in 
South America (e.g. Markgraf 1993) and New Zealand (e.g. Denton and Hendy 1994). 
Evidence for the presence of these short-term climatic oscillations in Australian records is so far 
limited and has been disputed by many (e.g. Colhoun 1996; Augustinus et a/. 2003). 
Palaeoenvironmental changes coeval with the Younger Dryas interval are evident in the pollen and 
diatom records from Lake Vera and Eagle Tarn in southwestern Tasmania (Bradbury 1986). The 
pollen assemblages suggest seasonal moisture stress for the interval between 12 and 10 ka, whilst 
the diatom assemblages indicate a shallow, alkaline water phase during the period 12 to 11.5 ka 
(Markgraf eta/. 1986). However, no association with the Younger Dryas event was made in either of 
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these cases, although this probably because the status of the Younger Dryas was unknown at the 
time. Colhoun (1996) applied the Iversen glacial-interglacial vegetation cycle3 to interpret the late 
glacial and Holocene vegetation changes of western Tasmania, and coll.cluded that the records do 
not exhibit a Younger Dryas cold phase between 11 and 10 ka in this area. More recently, 
Augustinus et a/. (2003) used the cosmogenic isotopes 10Be and 26AI to date a Middle to Late 
Quaternary glacial sequence from the Pieman River Basin in western Tasmania. They also came to 
the conclusion that there was no evidence for a Younger Dryas glacier readvance in western 
Tasmania. This supports palynological evidence for no significant regional cooling at this time. 
Oxygen isotope variations from a speleothem collected from a limestone cave in the Buchan area of 
eastern Victoria (Goede et a/. 1996) provide arguably the strongest evidence for a Younger Dryas 
signal so far in Australia. Goede et a/. (1996) have suggested that oxygen-isotope analysis results 
reveal that temperatures were particularly cool (at least 2.25•c lower than at present) between 12.3 
and 11.4 ka, which overlaps with the Younger Dryas event. In the Cape York area, a period of dune 
activation at 11.2 ka may have been facilitated by a rapid sea-level fall associated with cooling (Lees 
eta/. 1993). In addition, the occurrence of an aeolian dust peak in the sediments of Lake Carpentaria 
around this time led De Deckker eta/. (1991) to describe this as evidence for Younger Dryas cooling. 
However, De Deckker (2001) has recently revised the dates for this peak and now argues that the 
peak starts before the Younger Dryas, although it may still overlap with a part of it. Although Kershaw 
(1995) has pointed out that there is no evidence for a period of climatic change that can be 
unequivocally related to the Younger Dryas stadial, he has acknowledged that the majority of 
sequences from Australia extending through the late glacial are generally very condensed and lack 
easily dated material, inhibiting specific investigation of this phenomenon. Notwithstanding this, 
others have argued that further evidence for the Younger Dryas event in Australia has not been 
forthcoming despite many investigations in locations where evidence of such an event might have 
been expected to have been preserved (e.g. Barrows eta/. 2002). 
Changes of regional significance in river and groundwater systems in Australia occurred between 15 
and 10 ka. The rivers of the Murray Basin changed from broad, wide-meander, bedload-dominated 
systems to narrow, suspended-load channels by 10 ka (Bowler 1986). There was also a gradual 
decline in aeolian activity and dune building (Wasson 1986). Kershaw and Nanson (1993) have 
noted that most dune activity is centred around 20 to 15 ka, which is in phase with minimum sea 
levels and sea-surface temperatures. However, evidence from pollen sites, from both the Western 
Plains of Victoria and the Atherton Tableland of northeast Queensland, indicates that the driest 
conditions throughout the last glacial cycle actually occurred after the height of dune activity, about 
15 to 11 ka (e.g. Dodson 1979; Kershaw 1986; D'Costa eta/. 1989). There is evidence in Tasmanian 
pollen cores for a period of effectively drier climate between approximately 16.5 and 13.5 ka 
(Macphail and Colhoun 1985). Low lake levels were also recorded towards the end of this period 
3 Iversen's (1958) glacial-interglacial cycle was based on Von Post's (1946) theory of a threefold sequence of vegetation change, which he 
originally developed from examining the pollen results of sites in Europe and subsequently demonstrated on sequences from Southern 
Hemisphere mid-latitudes. Iversen's glacial-interglacial cycle consists of four stages, involving a sequence of vegetation community succession, 
and has been widely used in the interpretation of many Northern Hemisphere late glacial and Holocene pollen diagrams. Colhoun (1996) has 
modified and applied this cycle to Tasmanian pollen records. 
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{e.g. Street and Grove 1979; Bowler 1981; Harrison and Dodson 1993). For example, by 15 ka the 
Willandra Lakes, in southwestern NSW, were completely dry {Bowler 1998). Therefore, it appears 
that maximum aridity in Australia occurred after the glacial maximum. Kershaw and Nanson {1993) 
have suggested that these low lake levels and arid type of vegetation could well have been caused 
by air temperatures rising more rapidly than sea-surface temperatures or sea levels, with the 
increase in evapo-transpiration resulting in a decrease in effective precipitation. 
Gradually, the open and drier vegetation of the glacial period was replaced by woodland and forest 
{e.g. Colhoun eta/. 1982; Macphail and Colhoun 1985; Colhoun and Van de Geer 1986; Kershaw et 
a/. 1991a). As conditions changed, plant assemblages that had been confined to refuge areas 
spread. In many cases the original range of many communities that had contracted during glacial 
times had been fragmented by dune invasion or alteration of physical conditions in some other way, 
resulting in numerous disjunct plant distributions {White 1994). Aboriginal burning may have 
contributed to this, by retarding the formation {or at least changing the character) of forests in 
southeastern Australia {Harle eta/. 2002) and northern Australia {Kershaw 1986). 
3.3.6 The Holocene (MIS 1: c. 12-0 ka) 
3.3.6.1 The Pleistocene - Holocene boundary 
The Pleistocene - Holocene boundary was a time of rapid climatic change in most regional 
vegetation reconstructions. A compilation of dated sedimentary histories for 42 peatlands in 
southeastern mainland Australia by Kershaw et a/. {1993) shows that this transition period was a 
time of a dramatic change in sediment type and, in particular, the formation of peat at many sites 
{Kershaw 1995). In addition, Macphail et a/. {1999) noted that peat mounds had started forming in 
southwest Tasmania by the early Holocene. 
The greatest changes in pollen assemblages, and hence vegetation, within the last 18 ka occurred 
during this transition period {Kershaw 1995). For example, eucalypt vegetation expanded 
substantially from woodland to forest form. In more inland regions and coastal areas, Casuarinaceae 
forests and woodlands largely replaced grasslands. Grasses survived as the dominant understorey, 
but Asteraceae levels suffered substantial declines, probably through the elimination of steppe and 
alpine herbfields {e.g. Kershaw et a/. 1991a). On Barrington Tops in central eastern New South 
Wales, eucalypt forest replaced steppe-like vegetation {Dodson et a/. 1986). However, on the 
Atherton Tableland climatic amelioration was marked only by increases in lake levels, and open 
eucalypt woodland continued to dominate the landscape. 
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3.3.6.2 The early to mid-Holocene 
The early to mid-Holocene was a period of continuing climatic amelioration in most regions of 
Australia, which evidence suggests culminated in temperatures and precipitation levels higher than 
those of today (Kershaw 1995) in a period that has been termed the Holocene 'climatic optimum' 
(about 8 to 6 ka). In addition, sea level stabilised, or reached a 'stillstand' at about the present level 
during this period, about 6.5 to 6 ka (Thorn and Chappell 1975; Thorn and Bowler 1982). 
Records of high precipitation during this period have been derived from northeast Australia, with 
pollen evidence for replacement of savanna woodland by wet sclerophyll forest and rainforest during 
this period (Walker and Chen 1987; Kershaw and Nix 1988). In addition, there was active floodplain 
formation during this period (Nanson eta/. 1993) and dune building was at a minimum between 8 
and 4.5 ka over all the continent (Wasson 1986). 
It has been argued that in southeastern Australia maximum temperature and precipitation occurred 
between 8 to 6 ka, with rainfall possibly 5-10% and temperatures some 1-2'C higher than present 
(Dodson and Ono 1997). The maximum expansion of rainforest also occurred during this period 
(Macphail 1979; McKenzie 2002), while areas of shrubland decreased (Dodson and Ono 1997). 
Bowler's (1981) classic study of water levels in Lake Keilambete in western Victoria indicated that 
lake levels peaked between 6.5 and 5.5 ka. Other pollen and geomorphic evidence from 
southeastern Australia indicate that the peak in warming and effective precipitation continued until c. 
4 ka (e.g. Hope 1974; Dodson eta/. 1986). High values of the wet sclerophyll forest indicator taxon 
Pomaderris are seen in many pollen diagrams during this time, indicating a vegetation type with no 
known modern analogue (Macphail and Hope 1984; Martin 1986a). Kershaw (1995) has argued that 
the altitudinal and spatial spread of Pomaderris during this period suggests both warmer and wetter 
conditions than today. Its limited occurrence in apparently suitable areas today implies that some 
other aspect of today's climate, or another ecological factor, is restricting its present-day distribution 
(Kershaw 1995). 
An explanation for the increase in effective precipitation in southeastern Australia during the early to 
mid-Holocene has been proposed by Harrison and Dodson (1993). These authors suggested that 
the increase in effective precipitation reflects the northward migration of the southern margin of the 
sub-tropical high-pressure belt. This permitted the westerly belt to migrate equatorward allowing 
year-round penetration of the rain-bearing westerlies into southeastern Australia. Shulmeister (1999) 
however, has suggested that although this model is consistent with the evidence from the southern 
margins of Australia it becomes increasingly untenable along the northern edge of the zone 
supposedly affected by the westerlies. Instead, Shulmeister (1999) has noted that evidence from 
Lake Frome in South Australia (Singh 1981; Singh and Luly 1991) and the western Simpson Desert 
(Nanson et a/. 1995a) suggests a southward expansion of the North Australian monsoon resulting in 
enhanced summer rainfall in the early to mid-Holocene, followed by its contraction after about 
5,000 BP. 
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3.3.6.3 The late Holocene - Aboriginal and European impacts 
The latter half of the Holocene was drier than the preceding period, with Eucalyptus forests and 
woodlands spreading, replacing the Casuarina and Callitris woodlands Of the early Holocene over 
much of southeastern Australia (Clark 1983). During this period there was a contraction in humid 
habitat and a small expansion of alpine areas in response to minor cooling or increased seasonality 
(Dodson and Ono 1997). Evidence from the Atherton Tableland indicates that from about 3 ka the 
climate became markedly drier, with a contraction in rainforest. This may have continued until as 
recently as 1.4 ka, after which conditions became more humid (Walker and Chen 1987; Chen 1988; 
Hiscock and Kershaw 1992). The water level curve of Lake Keilambete also indicates a drier stage 
between about 3 to 2 ka, and there was a rise in dune activity over the last 3 ka (Wasson 1986). 
Lees et a/. (1990) have also noted a phase of dune building in northern Australia between 2.6 and 
1.8 ka. In addition, following an examination of Holocene colluvial and alluvial sediments in southern 
NSW, Williams (1978) concluded that hillslopes were unstable and streams were aggrading between 
about 4 and 1.5 ka. Williams argued that the causes of this regional trend were most likely climatic, 
and may have included a change in rainfall seasonality, lower temperatures and drier, windier 
conditions for at least part of this interval. 
At Barrington Tops, wet eucalypt forest and cool-temperate rainforest showed some decline from 
about 5 ka, and by about 1.6 ka there had been a shift to open, possibly montane, eucalypt forest 
with a sub-alpine grassland understorey (Dodson et at. 1986). In addition, there was a drop in 
temperature around 3 ka, and Dodson et a/. (1986) have suggested that fire became a more 
important environmental component after this time. Fire may have contributed to a contraction of 
cool-temperate rainforest, in particular Nothofagus, and wet eucalypt forest around this time. 
However, Dodson et at. (1986) were unable to attribute increased firing to Aboriginal activity due to a 
lack of archaeological evidence (Head 1989). 
Hughes and Lampert (1982) correlated rates of sediment accumulation (roof-fall in rock shelters and 
wind-blown sand on open sites) and the incidence of Aboriginal artefacts, such as stone implements, 
in several archaeological sites from the south coast of NSW. From these results, they inferred that 
there was increasing Aboriginal site establishment and use throughout the Holocene, linking the 
trends to changes in resource use, and in particular to an intensification of land use practices 
(Hughes and Lampert 1982). The concept of an intensification in land and resource use by 
Aboriginal populations in the late Holocene has been advanced to explain a general pattern of 
archaeological evidence that has been detected in many parts of Australia. For example, Lourandos 
(1997) has noted that by comparison with earlier phases of Australian prehistory, the most marked 
increases in numbers, establishment and use of sites took place from around 4 ka, with these trends 
most pronounced after about 3 ka and in particular in the last 1 ka. Lourandos ( 1997) has argued 
that this late Holocene archaeological information is suggestive of more intensive use of land and 
resources, more intensive use of sites (or more sedentary behaviour), and thus increasing 
territoriality and more intensive intergroup relations of all kinds. In addition, he has suggested denser 
populations with perhaps long-term increases in population. However, it should be noted that not 
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only have the causes of these trends been debated but even the reality of these suggested 
increases in archaeological evidence has been questioned. For example, investigations into 
stoneworking technology in the Hunter River Valley, eastern NSW, sh~w that increases in the 
quantity of discarded artefacts were not maintained throughout the late Holocene, and that dramatic 
declines in site number and site usage occurred in the last 800 years (Hiscock 1986). Hiscock 
( 1986) argued that this is a widespread phenomenon and that changes in Holocene Australian 
prehistory are complex and cannot everywhere be explained by population increase. He has 
suggested that changes in the structure of settlement and technology may be better explanations for 
changes in Australian prehistory. 
In the Northern Hemisphere, periods of warming (e.g. the 10-12'" Century AD Medieval Warm 
Period) and cooling (e.g. the Little Ice Age of 1500-1850 AD) have been noted in the past few 
thousand years. These had far-reaching effects on human society (e.g. Grove 1988; Fagan 2000). 
O'Brien et at. (1995) have demonstrated from measurements of soluble impurities in Greenland ice 
that Holocene atmospheric circulation above the ice cap was punctuated by a series of millennial-
scale shifts. Potential causes of these short-term climatic fluctuations include solar variability, 
volcanic activity, increased atmospheric aerosol loading and variations in oceanic circulation patterns 
(Overpeck 1991). However, the extent to which these changes affected Australia is debatable, as 
there is limited evidence so far for these events in Australia. Mooney (2000) has recently reviewed 
the results of many palaeoenvironmental studies in southeastern Australia, specifically examining 
periods of environmental change during the last 2 ka. Although the evidence is still relatively coarse, 
he found that there are distinct periods of change that are notably consistent during the last 2 ka. 
These include periods of climatic variability ending at approximately 2 ka, from about 1750-1500 BP, 
and 750-500 BP. This last period overlaps with the late stages of the Medieval Warm Period in the 
Northern Hemisphere, which led Mooney (2000) to speculate that this change may represent the 
expression of the end of that anomaly and the initiation of the more recent cooling anomaly. 
There is evidence of increasing climatic variability in the Australian region beginning around 5 ka and 
becoming more evident in the last 3,000 to 4,000 years (e.g. Macphail and Hope 1984; McGlone et 
at. 1992; Shulmeister and Lees 1995; Shulmeister 1999). This may correlate with the onset of a 
modern style of Walker circulation with ENSO as an embedded phenomenon (Shulmeister and Lees 
1995). Support for the onset of modern ENSO periodicities around 5,000 to 4,000 BP comes from 
many geographically disparate sites across the Pacific basin (Gagan et at. 2004). 
While the magnitude and extent of environmental change in Australia throughout the last few 
thousand years may still be under debate, what is not in dispute is the impact of European 
settlement. However, the timing of this impact is subject to dispute (e.g. Gale and Haworth 2002; 
Gale et at. 2004; Tibby 2004 ). European settlement began in 1788 AD in the Sydney region, and has 
led to radical alterations of the landscape (e.g. Benson 1991; Gale 2003). For example, many 
studies have noted dramatic differences in the rate of landscape processes between pre- and post-
( European) contact periods. These include changes in sedimentation rates, vegetation communities, 
N J Will1ams Chapter 3. Late Quaternary env1ronmental history 36 
The env1ronmental reconstruct1on of the last glac1al cycle at Redhead Lagoon_ eastern NSW 
fire regimes and lake trophic status, along with the introduction of exotic flora and fauna (e.g. 
Dodson et a/. 1993, 1995; Mooney and Dodson 2001 ). In a study employing a number of proxy 
measures of vegetation change, fire history, erosion and weathering f[om six sediment sections 
across southeastern Australia, Dodson and Mooney (2002) used a numerical index to measure 
overall rates of change. Their results demonstrated that vegetation and environmental systems of 
southeastern Australia have been very sensitive to human impact following European settlement. All 
the sites they investigated revealed rates of environmental change during the post-contact period 
that exceeded those recorded during the pre-contact periods, representing several thousand years. 
One of the most dramatic environmental impacts of European settlement in Australia has been on 
rates of erosion and sedimentation. For example, a study of the sediments contained within an 
alluvial fan and a reservoir located on Umberumberka Creek, at the base of the Barrier Ranges west 
of Broken Hill, compared pre- and post-contact sediment yields (Wasson and Galloway 1986). The 
average post-settlement yield of 1.9 m3 ha·' yr"1 was about 50 times greater than the average for the 
3,000 years preceding settlement. The sediments of Little Llangothlin Lagoon, north of Guyra, NSW, 
show similar patterns of sedimentation (Gale and Haworth 2005). These lake sediments have 
revealed that there was an initial period of extreme erosion following the arrival of Europeans and the 
introduction of pastoralism. Following this, sedimentation rates dropped to close to their pre-
settlement levels and have remained steady ever since. The authors suggested that the end of the 
very rapid rates of sedimentation was due to most of the available material having been freed and 
passed downstream into the lake in that initial period. 
In summarising the climatic changes that have occurred throughout the Holocene, Dodson and 
Mooney (2002) argued that the changes have been relatively small, when compared with those of 
the Late Pleistocene. However, there are regional differences and some anomalies that require 
further explanation. They added that in the humid regions, it is probably the human imprint that has 
had the greatest impact on Australia's environment. 
3.4 Humans and fire in Australia - a burning issue 
3.4. 1 Background 
Fire is an integral part of the natural environment in Australia. Fires are short lived phenomena, but 
their effects can persist for hundreds of years or longer. Fire, along with climate, has had a 
significant influence on the evolution of the Australian flora and fauna (see Gill eta/. 1981 ). 
Throughout the Quaternary period, Australia's climate has become drier. This has resulted in 
rainforests retreating and their replacement by woodlands and grasslands. It has also been 
suggested that the development of a fire-tolerant component of the vegetation coincided with this 
increasing aridity and a subsequent higher incidence of fire (Noble 1993). Australian aridity has been 
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seasonal, episodic and chronic and favoured those species that could accommodate dryness and 
change (Pyne 1991). These species were predominantly sclerophyllous - literally, 'hard leaved', 
referring to the small, tough evergreen leaves that hoard nutrients ang resist the transpiration of 
water. The sclerophyll vegetation adapted not only to soil impoverishment and aridity, but also to 
many kinds of disturbance, such as fire. 
It is generally believed that eucalypt-dominated forests arose in the interval between the latest 
Miocene and the Early Quaternary (e.g. Martin 1978; Kemp 1981), although the rate of spread varied 
throughout Australia depending on regional climates and landscape (Kershaw et at. 1994b). Today, 
with minor exceptions, Eucalyptus dominates Australian forests and currently prevails over the 
Australian continent to an extent unrivalled by any other genus on any other continent (White 1998). 
Eucalypts have many defences and adaptations, both common and diverse, to survive most fires. 
These may include thick, heat resistant bark that protects epicormic buds buried beneath; woody 
fruits; lignotubers, underground swellings that contain stored food and nutrients and have the 
capacity to produce new shoots; and chemical processes that can mobilise vital trace nutrients and 
leachates in the leaf litter through a complex ashbed effect (Jacobs 1955; Boughton 1970). Pyne 
(1991) has argued that while various scenarios exist for regeneration almost all depend, at some 
stage, on an intense fire. In fact, eucalypts have been classified not just as fire prone, but actually 
fire promoting (Gill 1981). Webster (1986) has described eucalypt-dominated bush lands after a fire, 
as appearing to be inhabited by a' ... green phoenix rising ... '. 
There is direct evidence of fire in the Australian landscape at least as far back as the Tertiary (Kemp 
1981). II has been suggested that by the time of the arrival of Aboriginal people at least 45,000 years 
ago (see Section 3.4.2), most of the continent was subject to a fairly high natural fire frequency, with 
lightning starting fires when the vegetation was sufficiently dry (Noble 1993). In their review of long-
term charcoal records in Australia, Kershaw et at. (2002) have argued that climate has exerted the 
major control over both fire activity and vegetation change. However, they also noted an increase in 
fire activity about 40 ka. In the absence of a major climate change around this time, this is 
considered most likely to indicate Aboriginal burning. Nevertheless, Kershaw et at. (2002) added that 
the impact of Aboriginal burning on the vegetation was largely to accelerate existing trends rather 
than cause a wholescale landscape change. It should be noted, however, that Bowler et at. (2003) 
have more recently argued that a significant deterioration in climate occurred near 40 ka, with 
stratigraphic evidence from southwestern NSW indicating a period of a sustained aridity between 40 
and 30 ka (see Section 3.3.3). 
3.4.2 The introduction of humans as agents of environmental change 
The emergence and evolution of the human race is one of the most important distinguishing 
characteristics of the Quaternary, with the main radiation of modern humans taking place during the 
last glacial period (Roberts 1998). This is significant, as human impact has been invoked to explain 
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several significant changes in Australian landscapes during the Late Pleistocene (Turney et a/. 
2001a), for example, the alteration of vegetation cover as a result of burning (Singh and Geissler 
1985; Johnson et a/. 1999; Moss and Kershaw 2000) and megafauna!_ extinction (Flannery 1990; 
Miller eta/. 1999; Roberts eta/. 2001). 
Ages for the earliest human occupation of Australia range from about 40 ka to over 100 ka. One of 
the earliest suggested dates for human occupation is based on changes in charcoal and pollen from 
sediments within Lake George, NSW (Singh et a/. 1981; Singh and Geissler 1985). The first 
evidence of open eucalypt woodlands, along with significantly greater amounts of charcoal, occurred 
around 128 ka. It was hypothesised that Aboriginal burning was the likely cause of this increase in 
charcoal (Singh eta/. 1981). This proposition has, however, been criticised on a number of grounds 
(see Section 3.3.1), including a lack of archaeological evidence in association with the 
palaeoecological changes. Kershaw (1978, 1986) has suggested an age of c. 38 ka for Aboriginal 
occupation based on an increase in charcoal particles within sediment cores obtained from Lynch's 
Crater, north Queensland. This age has not received the same critical attention as that from Lake 
George, perhaps because it supports the traditionally more acceptable age for human arrival in 
Australia of around 40 ka. Recently, this age has been re-estimated as c. 45 ka (Turney 2001a, 
2001 b). Another >1 00 ka occupation date was put forward by Fullagar eta/. (1996) for the Jinmium 
rockshelter in the Northern Territory. However, this age was subsequently shown to be unreliable 
and has been re-assigned to the Holocene (Spooner 1998; Roberts eta/. 1998a). 
Early radiocarbon determinations from direct archaeological evidence suggested that humans first 
arrived in Australia about 40 ka (e.g. Bowler eta/. 1970; Barbetti and Allen 1972; Pearce and Barbetti 
1981). Arguably, the most famous evidence of Aboriginal occupation come from human remains 
found at Lake Mungo, in the Willandra Lakes region of southwest New South Wales (Bowler et a/. 
1970; Bowler and Thorne 1976). Lake Mungo 1, a cranium, was found by Bowler in 1968 and dated 
to around 24 to 36 ka from bone collagen and charcoal from a nearby hearth. Lake Mungo 3, also 
discovered by Bowler, is an extended burial and was dated stratigraphically to between 28 and 32 ka 
(Lourandos 1997). More recently, the Lake Mungo 3 human skeleton has been re-dated using a 
combination of uranium-series and electron spin resonance (ESR) analyses to possibly as early as 
62 ± 6 ka (Thorne eta/. 1999). This is in close agreement with OSL age estimates of 61 ± 2 ka on 
the sediment in which the skeleton was buried (Thorne et a/. 1999). Even more recently, however, 
Bowler et a/. (2003) have re-measured the ages of sediments extracted from the stratigraphic units 
of both the Mungo 1 and Mungo 3 human skeletons using OSL dating. They have argued that both 
burials occurred at 40 ± 2 ka and that humans were present at Lake Mungo by 50 to 46 ka. 
The advent of luminescence dating in the 1980s yielded a number of sites suggesting that humans 
may have arrived on the continent around 60 ka (e.g. Roberts eta/. 1990, 1994a, 1998b; Bowler and 
Price 1998; Turney eta/. 2001c). For example, ages between 50 and 60 ka have been obtained for 
the initial occupation of northern Australian sites, Malakunanja II and Nauwalabila I (Deaf Adder 
Gorge) using thermoluminescence and optical dating, respectively. 
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Bird at a/. (1999) have argued that the large difference in ages between the short (i.e. 14C) and long 
(i.e. luminescence) chronologies is unlikely to be explained by any disparities resulting from the use 
of two independent dating techniques, which represent two different tim~tclocks. In some cases the 
difference may be due to the contamination of archaeological samples by younger carbon close to 
the detection limit for radiocarbon dating, creating a 'radiocarbon barrier' (Roberts et a/. 1994b; 
Chappell eta/. 1996a). This proposition has not been without challenge (e.g. see Allen and Holdaway 
1995). Recently, it has been demonstrated on numerous sites across Australia that newly developed 
pretreatment methods for 14C dating are capable of pushing back this 'radiocarbon barrier' (Turney 
and Bird 2002). For example, using samples obtained from Devil's Lair, in southwestern Western 
Australia, Turney at a/. (2001c) demonstrated that modern carbon contamination is certainly an 
issue, with younger contamination likely to make samples dated using conventional pretreatment 
methods indistinguishable from background beyond 42 ka. More importantly, they found that the 
ages produced using the new pretreatment method could be confidently extended back to c. 55 ka. 
The reliability of these earlier ages is suggested by the ages being in stratigraphic order and by 
correlation with four other independent techniques. 
3.4.3 Long-term history of fire regimes in Australia 
3.4.3.1 Introduction 
Fires occur as discrete 'events' but their effects depend on the history of those events, the seasons 
in which the fires occurred and their properties. The sequence of fires is known as a 'regime'. A fire 
regime encompasses variation in the frequency, intensity, season and type of fire (Gill 1975). It is a 
concept that incorporates a number of variables that can be important in affecting ecological 
outcomes (Gill eta/. 2002). 
Natural (non-human induced) fire regimes are determined by factors such as fuel dynamics, climate 
and vegetation. The use of plant species biology to estimate patterns of fire across the landscape 
suggests a range of 'natural' fire regimes occur (Brown et a/. 1998). In wet sclerophyll forest in 
eastern Australia, catastrophic fires sufficiently intense to kill trees are thought to occur infrequently, 
perhaps every 1-3 centuries (Ashton 1981 ). In contrast, dry sclerophyll forests are fire-prone and 
highly flammable (Christensen eta/. 1981 ), so will burn more frequently than the wetter forests under 
a natural fire regime. However, Brown et at. (1998) have noted that the exact fire regime in these 
forests is difficult to elucidate. 
It has been argued that following the arrival of Aborigines in Australia, there was substantial 
environmental change caused by altered 'natural' fire regimes, climatic fluctuations and extinction of 
species (Keith at a/. 2002). The sequence and relative significance of these factors is debatable and 
the impact and extent of landscape burning by Aborigines has been the subject of numerous 
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investigations, comment and heated debate in recent years (e.g. Head 1989; Flannery 1990, 1994; 
Kohen 1996; Benson and Redpath 1997; Bowman 1998). 
There have been many attempts at determining historical fire regimes in southeastern Australia, both 
Aboriginal and European, using a number of lines of evidence. These include palynological 
investigations, archaeology, geomorphology, folklore, ethno-history, historical documentation and 
studies of fire-scars and post-fire growth pulses on trees (Williams and Gill 1995). An overview of 
both Aboriginal and European fire regimes compiling the results of a number of these different 
sources of evidence is now outlined. 
3.4.3.2 Aboriginal fire regimes 
Our understanding of the seasonality, frequency, distribution and extent of Aboriginal fires across 
Australia is largely conjectural (Gill 1977; Williams and Gill 1995). Evidence for Aboriginal activity 
comes mainly from the observations of explorers (who perhaps influenced Aboriginal behaviour), 
from observation of present Aboriginal practices (which are not necessarily representative of 
Aboriginal practices in the past), and palaeoecological data. 
Jones (1969) introduced the concept of 'fire-stick farming' and argued that fires were systematically 
lit by Aborigines and were an integral part of their economy. Aborigines may have used fire for a 
variety of reasons, such as for hunting, cooking and warmth, and as an essential tool in their daily 
existence (Hallam 1975; Nicholson 1981). Additionally, Cheney (1993) has cited the use of fire for 
warfare, promoting edible plants and protection against snakes and insects. Jones ( 1969) suggested 
that fire may also have been used for signalling and for ' ... extending man's habitat'. Aborigines 
possibly set fire to the bush to produce new grass following rain, and to allow them free movement 
along their main corridors of travel. Ryan et a/. (1995) have asserted that to Aborigines, fire was 
seen as necessary to 'clean up the country', with unburnt forest or grassland being regarded as 
neglected, and that burning regularly was seen as 'doing duty by their land'. 
An early recorded ecological observation of the interplay between fires and the native biota of 
Australia comes from the explorer Mitchell who noted that: 
... fire, grass, kangaroos, and (original] human inhabitants, seem all dependent on each other for existence 
in Australia; for any one of these being wanting, the others could no longer continue. Fire is necessary to 
burn the grass, and form those open forests, in which we find the large forest-kangaroo; the native applies 
the fire to the grass at certain seasons, in order that a young green crop may subsequently spring up, and 
so attract and enable him to kill or take the kangaroo with nets ... (Mitchell1848(10):5). 
The explorer Charles Sturt also noted: 
... there is no part of the wortd in which fires create such havoc as in New South Wales, and indeed in 
Australia generally. The climate, on the one hand, which dries up vegetation, and the wandering habits of 
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the natives on the other, which induce them to clear the country before them by conflagration, operate 
equally against the growth of timber and underwood ... (Sturt 1833:9) . 
. . . it would appear, that it is not less to the character of its woods than to the ravages of fire that New South 
Wales owes its general sterility ... (Sturt 1833:10). 
The most famous of all the European explorers, Captain James Cook, referred to Australia as ' ... 
this continent of smoke ... '. As he sailed up the east coast he entered in his journal on many 
occasions that ' ... we saw smooks [sic] by day and fires by night ... '4 . It should, however, be noted 
that Cook did not refer to widespread burning of the landscape by Aboriginal people. Benson and 
Redpath (1997) have argued that most of the smoke seen by Cook was probably from camp fires 
used for cooking. 
When Europeans first arrived in Australia the eucalypt forests had, by many accounts, a woodland 
structure, a 'park-like appearance', i.e. wide-crowned and widely-spaced trees over an open and 
largely grassy forest floor (Florence 1994). It has been argued that the open grassy forest floor was a 
function of regular, light burning by Aborigines (e.g. Flood 1980; Noble 1993; Ryan eta/. 1995). 
However, shortly after their settlement, British settlers noted a thickening of scrub on lands that they 
had originally likened to English parks. Mitchell explained this as: 
... the omission of the annual periodical burning by natives, of the grass and young saplings, has already 
produced in the open forest lands nearest to Sydney, thick forests of young trees, where, formerly, a man 
might gallop without impediment, and see whole miles before him ... (Mitchell1848(10):6). 
It has been argued that the cessation of regular burning following European settlement allowed the 
growth of a thick forest of young trees that, together with an increasing shrub understorey, choked 
out the grasses (Ryan et a/. 1995, Rolls 1999). Ryan et a/. (1995) have also suggested that the 
widespread ringbarking that was carried out during early European settlement was mostly of this re-
growth. Nevertheless, it is important to note that a close examination of the original explorer's 
manuscripts reveals conflicting images of the early post-European contact landscape, even from the 
same expedition. For example, in his expedition into the interior of southern Australia, Sturt 
commented that the Aborigines use of fire was in effect' ... operat(ing) against the growth of timber 
and underwood ... ' (Sturt 1833:9). However, Sturt (1833:3) also made the seemingly conflicting 
comment that ' ... he who has never looked on any other than the well-cultured fields of England, can 
have little idea of a country that Nature has covered with an interminable forest ... '. Benson and 
Redpath (1997) have also argued that Ryan et a/. (1995) were very selective in their use of 
quotations from early European explorers and settlers. They added that their investigation of the 
same explorers' journals revealed frequent references to vegetation containing a dense understorey 
and they also found no evidence that most of southeast Australia's vegetation was annually burnt by 
Aboriginal people. 
~ 4 Captain James Cook, quoted in Captain W.J.L Wharton (ed). Captain Cook's Journal During his First Voyage Round the World. (London, 
1893. facsimile ed., Libraries Board of South Australia. 1968), p263. 
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While Aboriginal burning was probably a contributing factor, others have suggested that a 'park-like 
appearance' could also be attributed to the biological attributes of the eucalypt forests and the 
natural successional processes within them (e.g. Ryan 1993/94; Florence 1994). For example, 
mature eucalypt forests actually inhibit understorey growth through various competitive advantages. 
Florence (1994) added that the successional process is quite independent of fire, but conceded that 
an occasional light fire may accelerate it. 
Numerous palynological studies have counted charcoal particles in association with pollen in an 
attempt to reconstruct fire and vegetational histories. Two of the pioneering and best known studies 
are from Lake George, southeastern NSW (Singh et at. 1981; Singh and Geissler 1985) and Lynch's 
Crater, northeastern Queensland (Kershaw 1978, 1986; Singh eta/. 1981). Both records presumed 
that Aboriginal people had significant impacts on fire regimes and vegetation change (see also 
Section 3.4.2). At Lake George, the first evidence of open eucalypt woodlands, along with 
significantly greater amounts of charcoal, was dated to 128 ka. It was suggested that Aboriginal 
people may have caused and maintained these changes by the use of more frequent and less 
intense fires than those occurring under 'natural' conditions (Singh eta/. 1981). 
At Lynch's Crater a substantial increase in burning occurred around 38 ka, although this has recently 
been re-dated to 45 ka (Turney et a/. 2001a). This increase in burning is thought to have been 
responsible for a gradual replacement over the next 12,000 years of 'fire sensitive' rainforest taxa by 
sclerophyll communities dominated by Casuarinaceae and Eucalyptus (Kershaw et a/. 2002). 
Aboriginal burning was considered to have been the major cause of change largely because the 
changes in pollen and charcoal did not correspond with any known major climatic change. A marine 
record (ODP site 820) from 40 km off the northeastern Queensland coast, covering the last 250 ka 
displays a similar pattern to that of Lynch's Crater. Around the same time as Lynch's Crater (37 ka), 
there is an abrupt alteration in vegetation (a decline in Araucariaceae and an increase in sclerophyll 
taxa) and an associated charcoal peak (Moss 2000; Moss and Kershaw 2000). 
The Lake George and Lynch's Crater records have been prominent in the debate about the role of 
fire and the impact of people in the evolution of Australian vegetation, although many interpretations 
have been debated and criticised (see Head 1989 and Section 3.3.1). However, Kershaw eta/. 
(2002) have concluded that although there appear to be some major differences between these 
records, there is also a consistency in that they both show a general increase in charcoal over time 
and a corresponding change from less to more fire 'tolerant' vegetation. Ultimately, this suggests that 
fire has become an increasingly important component of the dynamics of Australia's vegetation. 
Other palynological studies in the Sydney region also suggest an increase in Aboriginal burning 
during the late Holocene. For example, Kodela and Dodson (1988) found evidence for an increase in 
charcoal associated with a high concentration of eucalypt pollen 3,000 years ago in the region. In 
addition, it has been suggested that Aboriginal burning regimes probably varied according to the type 
of environment being burnt and the type of resources being exploited (Mooney and Dixon 2003). For 
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example, Clark and McLoughlin (1986) have argued that sandstone and shale substrates were 
burned at different frequencies in the Sydney region and that there was spatial variation in fire 
frequency of Aboriginal burning regimes. Head (1989) has suggested th<lt Aborigines were trying to 
achieve a balance between the need to burn some areas to promote certain resources, and the need 
to protect other areas where particular plants grew, including areas of rainforest and wet sclerophyll 
woodland. She argued that as Aboriginal burning often produced a mosaic of vegetation 
associations, it is better to suggest that Aborigines managed the landscape using fire as one of their 
tools, rather than burned uniformly. 
Horton (1982) has put forward the most extreme view opposing the notion of widespread Aboriginal 
burning. He has argued that Aboriginal use of fire had little impact on the environment and that pre-
European settlement vegetation cover, as well as the associated fauna, would have been the same 
regardless of whether people had been here or not. Horton ( 1982) also argued that had 'fire stick 
farming' been attempted, it would have been counter productive economically because of the 
adverse effects it would have had upon small species of animals. He went so far as to suggest that 
Aborigines observed and made use of an existing natural fire regime in Australia, and did not attempt 
to develop a new one. 
Gill ( 1977) has suggested that the perception that Aborigines burned the landscape frequently is 
sometimes used to justify the frequent, low intensity prescribed burning in current fire management 
philosophy. However, he has warned of the danger of this concept if it is generalised over the whole 
continent. He has conceded that it is likely that in some areas, such as the northern grasslands and 
woodlands of Australia, Aboriginal people frequently burned the landscape. However, from the even 
aged stands of Eucalyptus regnans, for example, and its biology, it is apparent that very high 
intensity fires have occurred in these areas in the past, which Gill ( 1977) has contended would not 
have occurred if the landscape had been burned frequently. Benson and Redpath (1997) also have 
argued that many vegetation types (e.g. rainforest, wet sclerophyll eucalypt forest, alpine shrublands 
and inland chenopod shrublands), along with a range of plant and animal species, would now be rare 
or extinct if they had been burnt every few years over the thousands of years of Aboriginal 
occupation. For example, evidence for the Sydney sandstone flora suggests that repeated, 
widespread burning at intervals of less than a few years will cause the extinction of a number of 
shrub species and that re-colonisation from unaffected sites occurs extremely slowly (Keith 1996). 
The evidence indicates, therefore, that Aboriginal people did not burn extensive areas of this 
vegetation type annually, or even every few years, because if they had many plant species would not 
now be present (Benson and Redpath 1997). 
Benson (1991) has noted that a general agreement is beginning to emerge about the level of 
Aboriginal impact on Australian vegetation through their use of fire. This lies somewhere between the 
views of Jones (1969) and Horton (1982). In all likelihood, the pre-European fire regime represented 
a complex mix of fires ignited by both lightning and Aborigines. Many of the lines of evidence used to 
document pre-European fire regimes are indirect and open to a number of interpretations (Clark 
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1983; Head 1989). However, Benson and Redpath (1997) have noted that the majority of the 
scientific literature on climatic change and Aboriginal burning supports the position first suggested by 
Clark (1983), that Aboriginal burning may have affected the rate, but.not the main direction, of 
changes in the nature of Australian vegetation (see also Macphail 1980). Undoubtedly though, the 
impact of Aborigines on the natural fire regime would have been variable in space and time, and 
would not have operated equally across Australia (Clark 1983; Hallam 1985; Gell and Stuart 1989). 
So while climate was the major influence on the environment, Aboriginal burning probably did affect 
the distribution of species and the vegetation pattern locally. Kohen ( 1996) has argued that overall, it 
is not until the Holocene, when temperatures warmed, sea levels stabilised, rainfall increased, 
populations increased and technological change occurred, that there is evidence for significant 
Aboriginal environmental impact. 
3.4.3.3 European fire regimes 
Head (1989) has noted that the last 200 years have seen a range of European introductions and 
impacts as well as the removal of Aboriginal influences. Importantly, she argued that European fire 
regimes, as in the case of Aboriginal fire regimes, would not have been uniform across Australia. A 
number of sites in southeastern Australia provide evidence of increased frequency and/or intensity of 
burning since European settlement (Head 1989). For example, an increase in the abundance of 
charcoal particles and grass pollen in the initial period of European settlement in the Delegate River 
area of Victoria has been suggested as indicating that the area was subject to high fire frequency 
(Gell and Stuart 1989; Gell et at. 1993). Gell and Stuart (1989) noted charcoal peaks in the pollen 
record in the 1850s and 1890s, and the persistence of high charcoal levels until around 1939-1940. 
The charcoal was thought to indicate increased levels of burning and corresponded with the most 
active mining and prospecting periods in the region, as well as regular burning that was typically 
associated with grazing activities. 
Pyne (1991) has argued that there was widespread and frequent use of fire by early pastoralists, 
primarily to encourage 'green pick' (the stimulation of indigenous grasses by fire for the consumption 
of domesticated stock). Banks (1989) also identified a marked increase in apparent fire frequency 
with the arrival of European pastoralists and prospectors in the sub-alpine forests of NSW, based on 
fire-scar information. Bowman and Brown (1986) have discussed the co-existence of Aborigines and 
the long-lived and fire-sensitive pencil pine (Athrotaxis cupressoides) on Tasmania's central plateau. 
Since European settlement, much of the area of forests dominated by this species has been 
destroyed by fire. Therefore, the evidence suggests that the initial phase of European settlement in 
some areas was marked by increased levels of burning, probably associated with the pastoral, 
grazing and prospecting activities of the first settlers. 
In contrast, it has also been suggested that some European pastoralists appear to have distrusted 
and feared the use of fire in the early days of colonisation (Gale and Pisanu 2001). For example, on 
the New Englands Tablelands of NSW an exhaustive search of diaries, station records and letters 
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from the first few decades of European settlement did not reveal a single reference to the use of fire 
by the colonists (Gale and Pisanu 2001 ). 
The explorer Thomas Mitchell also noted that: 
... [while) the squatters ... have also been obliged to burn the old grass occasionally on their runs, so little 
has this been understood by the Imperial Government that an order against the burning of the grass was 
once sent out, on the representations of a traveller in the south (Mitchell1848(10):6). 
Mitchell added that around Sydney: 
... neither are there natives to burn the grass, nor is fire (any) longer desirable there amongst the fences of 
the settler (Mitchell1848(10):6). 
There was a major restructuring of fire policy in southeastern Australia in the early 1940s, largely 
because of the wildfires of 1939 and the crisis of World War II (Gell and Stuart 1989; Pyne 1991). 
Widespread use of the practice of 'fuel reduction' burning began in NSW in 1967 (Pyne 1991). 
Subsequently, an increasing polarisation of bushfire debate developed along ideological grounds, 
with particular reference to the consequences of systematic and frequent prescription burning 
(Brandes 2003). This polarisation continues today, and debate over the effectiveness and impacts of 
prescribed burning has followed every bushfire crisis in recent times. 
Overall, the arrival of Europeans in Australia has had significant effects on the native vegetation. The 
last two centuries have brought a second transformation of fire regimes in Australia which, in tandem 
with habitat fragmentation and introduction of alien species, has led to major environmental changes 
(Price and Bowman 1994). 
3.5 Summary 
An examination of the records obtained in Australia spanning approximately the last 75 ka indicate 
that climate, particularly the long term oscillations of alternating stadial-interstadials, has been the 
major influence on environmental conditions. A broad pattern of alternating 'dry' (stadial periods 
MIS4 and MIS2) and 'wet' (interstadial period MIS3 and the Holocene) episodes characterised the 
period in Australia, with vegetation assemblages and lake levels responding accordingly (e.g. 
Nanson et a/. 1992). The cold last glacial period experienced lower rainfall than today but its 
effectiveness, particularly in southern Australia, was possibly very significant. This factor, combined 
with greater continentality, greater seasonality and reduced C02 levels, may have excluded 
extensive tree survival over much of southern Australia, producing a very unstable glacial age 
landscape and allowing much greater aeolian activity (see Kershaw 1995; Hesse et a/. 2004). 
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Following the last glacial maximum, a temperature rise preceded a rise in precipitation, resulting in 
the most intense and widespread arid conditions throughout the entire last glacial cycle occurring in 
this late glacial period in Australia. Climatic amelioration continued rapidly,_often fluctuating, although 
there is limited evidence for the Younger Dryas climatic reversal, and culminating in the highest 
temperatures and effective precipitation during the early to mid-Holocene, in a period known as the 
'climatic optimum'. Both temperatures and precipitation have declined since this time, and Kershaw 
(1995) has argued that a major feature of the late Holocene has been the development of climatic 
variability. 
There has also been a general trend of sustained changes in vegetation towards more 
sclerophyllous or disturbed communities. This trend, in conjunction with marked changes in charcoal 
content, both higher (e.g. Lynch's Crater) and lower (e.g. marine core GC-17, Lake Terang, Darwin 
Crater), has been attributed to increased burning by humans (e.g. Kershaw eta/. 1997a, 2003a). 
However, the proposition remains controversial with debate in particular over the timing of this 
change. 
A close examination of the records reveals a more complex and sometimes contradictory story in 
terms of timing of the changes and their regional extent and synchronicity. Although the overall 
aeolian record indicates that cold glacial periods were arid in all parts of Australia, the causes and 
nature of this aridity vary from north to south (e.g. Hesse et a/. 2004). For example, the monsoonal 
rains of northern Australia correlate with high sea levels and global temperatures, therefore hot and 
wet interglacials alternate with cooler, dry glacial periods. In southern Australia, however, the 
relationship is much less clear cut (Hesse eta/. 2004). Hesse eta/. (2004) have argued that although 
interglacials were much warmer, in parts of southern Australia rivers and lakes were also much 
reduced because of very low runoff due in part to the high transpiration from the abundant 
vegetation. Conversely, glacials were much colder and vegetation much more sparse, which would 
have allowed greater runoff and aeolian activity during these periods. 
The complexity of the emerging patterns means that several hypotheses have been put forward to 
explain the trends, of which one or a combination of many may provide possible satisfactory 
explanations. Explanations range from the predominantly climate based to human induced. Climate 
based arguments propose Milankovitch cyclicity as the major cause of global climate variation, 
particularly seen as variations in moisture availability in Australia. Superimposed on these appears to 
be a long-term trend towards drier and more variable climates within the last 350 ka (e.g. Longmore 
1997). This trend towards aridity may have been initiated by changes in atmospheric and ocean 
circulation resulting from Australia's northward continental drift that may ultimately have resulted in a 
reduction in summer monsoon activity (Kershaw et a/. 2003a). Human induced explanations of 
climate change have also been suggested, such as changes as a result of an increase in biomass 
burning (e.g. Singh et a/. 1981). These different explanations will be further discussed when 
comparing and correlating the results of this study with others in Chapters 8 and 9. 
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4.0 CHAPTER 4: Site description & land use history 
4.1 Introduction 
The site chosen for this study is an enclosed lake basin, called Redhead Lagoon. There is some 
confusion in the literature over the correct name for the site (e.g. Timms 1976) and some historical 
references refer to the lake as Dudley Lagoon. However, for the purposes of this thesis, the name 
Redhead Lagoon will be used throughout. 
Redhead Lagoon's regional setting and the land use history of the catchment were first outlined by 
Franklin (1997). This work is summarised and expanded upon below. 
4.2 Location and site selection 
Redhead Lagoon (32"59'40"S, 151 "43'15"E) is located between the suburbs of Dudley and 
Redhead, approximately 15 km south of the city of Newcastle and northeast of Lake Macquarie in 
coastal, eastern New South Wales, Australia (Figure 4.1 ). The lake is located within the boundaries 
of the Awabakal Nature Reserve. The southeastern portion of the suburb of Dudley lies within the 
northern part of the lake catchment. Redhead Lagoon was selected for this study because, amongst 
other things, it offers a rare opportunity to determine long-term rates of environmental change in a 
single catchment. 
Significantly, Redhead Lagoon is a completely enclosed drainage basin and therefore acts as an 
efficient sediment trap for the products of erosion in its catchment. In addition, the short and steep 
slopes of the catchment and the high basin to catchment area ratio (about 20%) mean that eroded 
material is likely to be delivered both rapidly and near completely to the lake basin. There are few 
sediment stores within the catchment, the only ones of significance being two small dams located in 
the upper northwestern region, which were constructed in the mid-1980s. The nature of 
sedimentation within Redhead Lagoon is. important, as in order to reconstruct the history of 
vegetation at this site, the sediments must be laid down rapidly, continuously and in an environment 
where they are preserved from the subaerial processes of weathering, reworking and erosion (Moore 
eta/. 1991). 
Another advantage of this site is the small size of the catchment area. In small catchments variations 
in sediment yields are more likely to reflect the influence of catchment characteristics rather than 
climatic controls, as is the case in large catchments (Walling 1971 ). 
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Finally, the catchment has experienced a well-documented succession of land use changes, from 
Aboriginal contact to the time of European settlement, which mirror changes that have been 
experienced in the wider regional environment. Therefore, there is ~cope for using the sedimentary 
record from Redhead Lagoon as a means of elucidating the environmental consequences of land 
use change. 
Overall, the deposits preserved in the lake basin represent a potentially valuable archive of 
environmental change in the catchment. 
• 
'\. 
New soijth ~les 
J-.._ ..... '> 
• 
;,:11_ ! 
~ ~ ....... 
o- ·--"'iioo km \j 
151°30'E 
'Newcastle Sydney 
Dudl~u 
Redhead 
Figure 4.1: The location of Redhead Lagoon, coastal, eastern New South Wales. 
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4.3 Geomorphology 
Redhead Lagoon is an unusual geomorphic feature. Perched approxim-ately 65 m above sea level, 
the lake is an entirely enclosed basin, lying within a depression on a high headland of sandstone 
(Figures 4.2a-b). It has an irregular shape, elongated on a northwest to southeast axis, with two 
basinal components aligned along northeast to southwest axes (Figure 4.3). It has an area of 
approximately 0.12 km2 and is around 1 to 3 m deep, with the deepest section being in the 
southeastern corner. A man-made channel has been cut from the southwest corner of the lake into a 
valley leading to Freshwater Creek (Timms 1976). However, water rarely flows through this channel, 
with most water loss from the lake being via seepage and evaporation. Redhead Lagoon is a 
permanent oligotrophic freshwater lake (Winning 1989) and is 'palustrine', that is, a wetland that 
receives water from only a relatively small local catchment (SWC Consultancy 1998). It is marked by 
a change in vegetation from sedges and reeds within the margins of the lake to Melaleuca fringing 
the edges (see Section 4.6). The benthos of Redhead Lagoon is similar to that in dune lakes of low 
pH and highly humified water (Timms 1976). Seasonal thermal stratification may occur in the open 
water area (the southeastern basin). Timms (1976) has argued that this would not normally occur in 
such a shallow lake, but the opaqueness of the water combined with good wind protection allows 
uneven heating of the water. 
The catchment of the lake is around 0.5 km2 and is characterised by steep, undulating terrain. It is 
asymmetrical with all the streams draining from the north (Figure 4.4). The valleys in the northern 
part of the catchment are active only under high magnitude, low frequency conditions. There are 
drains located in the northwestern and northeastern regions of the catchment that flow into the lake. 
These drains now divert most of the natural flow through an artificial sub-surface system. The 
northern section of the catchment, within the township of Dudley, consists of steep sandstone and 
conglomerate slopes ranging up to 120 metres above Australian Height Datum (m AHD), with a thin 
soil covering. The southern section of the catchment is of generally lower relief, with vegetated and 
deeply leached aeolian sand dunes blanketing the bedrock surface (Timms 1976). To the east, the 
sea cliffs reach 125m AHD (Figure 4.2a). 
Conflicting opinions have been put forward to explain the formation of the lake. Munro (1984a) has 
argued that Redhead Lagoon was formed during the mid-Holocene, being impounded behind a large 
aeolian sand barrier and partly sealed off by a layer of vegetable matter that had built up at the lake 
bottom. Another argument is that the lake is a sandstone karst feature (e.g. Jennings 1983, Young 
and Wray 2000) developed by the seepage of surface waters into the underlying aquifer: the 
focusing of chemical activity along joints would have opened the depression (S J Gale pers. comm.). 
The fall in sea levels during Quaternary cold stages would have lowered water tables and enhanced 
vertical seepage. Support for this explanation is provided by the concordance of fault alignments with 
the lagoon axis (see Figure 4.5). Timms (1976) has also argued that if there is an organic seal 
present (as in typical dune lakes, e.g. Bayly 1964), it is only poorly developed as much water 
appears to be lost by seepage. 
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Lakes and lagoons situated entirely within the coastal dune system are not uncommon along the 
eastern Australian coast. There are not many waterbodies, however, that are located between 
coastal dunes and •country rock '. Examples of these include Lake Barracoota in East Gippsland 
(Timms 1973) and the Wooli Lakes (Lake Hiawatha and Minnie Water) east of Grafton (Timms 
1969). Timms (1976) has argued that Redhead Lagoon belongs to this particular type of lake (dune 
contact lakes) and, significantly, is the only example where sandstone is the contact rock. 
1990 1983 
Figures 4.2a and 4.2b: Aerial photographs of Redhead Lagoon lake basin 
and catchment area. 
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4.4 Geology and soils 
The catchment area of Redhead Lagoon lies within the northern region of the Sydney Basin. This is 
a major structural feature lying in the central part of eastern New South Wales, containing a thick 
Permo-Triassic sequence. The Basin is bounded by the New England Fold Belt to the north and the 
Lachlan Fold Belt to the west and south. It is marked by a series of northwest to northeast trending 
faults and folds (Department of Mineral Resources 1994; Hawley and Brunton 1995). 
Sandstones and massive conglomerates of the Kahibah and Tickhole Formations of the Newcastle 
Coal Measures crop out within the catchment area and form the parent material for the thin cover of 
soil throughout the area (Figure 4.5). Overlying these to the east are Quaternary aeolian sand 
deposits. Coal seams, including the Victoria Tunnel Seam, Fern Valley Seam, Wave Hill Seam, 
Montrose Seam and Australasian Seam, underlie the lagoon basin and catchment, cropping out on 
the ocean cliff face near Dudley Beach (Figure 4.6) . 
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Figure 4.6: Cross section of the geology in the catchment area of Redhead Lagoon. 
Source: Adapted from Pryor and Mursa (1968) . 
The aeolian sands within the Awabakal Nature Reserve, which comprises the southern section of the 
catchment, possess well developed podzol profiles (Baxter and McDonald 1984; Shortland Wetland 
Centre 1989). These soils typically have a distinct textural contrast between the surface and sub-
surface horizons, are of low fertility, and are readily eroded by water and by wind when the 
vegetation cover is disturbed (Lake Macquarie Council 1980). The nature of these soils imposes 
severe limitations on cultivation and grazing. 
In the northern section of the catchment, outcrops of shales and conglomerates support clayey 
and/or stoney soils of poor nutrient status (Baxter and McDonald 1984). The National Parks and 
Wildlife Service (NPWS 1994) has argued that the combination of these clays and the undulating 
terrain make the soils in this area particularly prone to erosion. 
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4.5 Regional climate 
The prevailing climate of the area is warm temperate (Matthei 1995; SWC Consultancy 1998). 
Maritime influences are apparent, particularly with regard to rainfall, cloud and temperature (Lake 
Macquarie Council 1980). Summers are warm to hot and humid, winters are cool to mild. Records 
from the closest weather station (Nobbys Signal Station at Newcastle) extend back to 1862 AD. The 
average annual mean daily maximum temperature over that period is 21.8"C and the mean daily 
minimum temperature is 14.2"C (Australian Bureau of Meteorology website 2004). 
The area receives a mean annual rainfall of 1,144.6 mm (Australian Bureau of Meteorology website 
2004). The wettest months are from March to June, with rainfall borne by an onshore easterly air 
stream on the northern ridge of an anticyclonic sequence. The driest period of the year is between 
September and November. Milder temperatures occur during this season, due to high pressure 
centres crossing the continent close to this latitude (Lake Macquarie Council 1980). Cloud cover also 
decreases after June. 
There are two distinct seasonal winds. The first, occurring during summer, is a northeasterly sea 
breeze, which provides relief from high humidities (Lake Macquarie Council 1993). Secondly, in 
winter, westerly winds associated with the deep depressions of the Roaring Forties, are accentuated 
by the Hunter Valley katabatic flow (Lake Macquarie Council1980). 
4.6 Vegetation 
4.6.1 Vegetation community associations 
Redhead Lagoon lies within the Awabakal Nature Reserve. There is a great diversity of plants within 
the Reserve, with clear associations of some species. The location of the different vegetation 
communities is dependent on many factors including soil type, drainage, depth of soil and shade 
(Munro 1984b). 
Two vegetation community types dominate the catchment (Figures 4. 7-4.8). Dry sclerophyll forest 
covers most of the southern region, with broad-leaved paperbarks (Melaleuca quinquenervia) and 
some swamp mahogany (Eucalyptus robusta) forming a narrow fringe (up to 20 m) around the 
perimeter of most of the lagoon. In addition, sedgelands (Eleocharis, Juncus, Typha) cover the lake 
basin. Most of the northern region of the catchment is urbanised and has been cleared of native 
vegetation. 
A simplified list of the main vegetation communities and the main species within each community is 
presented in Table 4.1. This table also lists the soil types and preferred situations of each type of 
vegetation community. A complete vegetation species list for the Awabakal Nature Reserve has 
been compiled by Bax1er and McDonald (1984) and is provided in Appendix 8. 
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Table 4.1: Major vegetation associations - Awabakal Nature Reserve. 
Source: Adapted from Munro (1984b). 
CHARACTERISTIC COMMUNITY 1: DRY SCLEROPHYLL FOREST 
1. Main Species Eucalyptus pilularis ~ 
Forest canopy Angophora costata 
Eucalyptus gummifera 
Banksia serrata 
Persoonia levis 
Allocasuarina littoralis 
Shrub layer Acacia longifolia 
Acacia terminalis 
Acacia ulicifolia 
Acacia suaveolens 
Ground cover Pteridium esculentum I 
Xanthorrhoea macronema 
Macrozamia sp. 
Pimelea linifolia 
Ricinocarpos pinifolius 
Correa reflexa 
Themeda australis 
lmperata cylindrica 
2. Situation Sandy podzol soil type. 
3. Extra Notes In the dry areas of the northwest corner of the Reserve, E. pilularis tends 
to be replaced by E. piperita, banksias are less common and the shrub layer 
is dominated by Dodonaea triquetra. 
CHARACTERISTIC COMMUNITY 2: WET SCLEROPHYLL FOREST 
1. Main Species Glochidion ferdinandi 
Forest canopy Callicoma serratifolia 
Acmena smithii 
Alphitonia excelsa 
Other trees Endiandra sieberi 
Elaeocarpus reticulatus 
Ficus coronata 
Pittosporum undulatum, P. revolutum 
Eucalyptus piperita 
Eucalyptus pilularis 
Banksia serrata 
Understorey Lantana camara 
Dodonaea triquetra 
Omalanthus populifolius 
Cissus sp. 
Synoum glandulosum 
Smilax australis 
Ground cover Adiantum aethiopicum 
Calochlaena dubia 
2. Situation High clay content in soil. 
Protected from excessive sunlioht and most dessicating winds. 
3. Extra Notes Dense vegetation growth within this community. 
CHARACTERISTIC COMMUNITY 3: COASTAL HEATH 
1. Main Species Banksia aemula 
Leptospermum sp. 
Melaleuca sp. 
! Acacia sp. 
Others Numerous xerophytic 'wildflower' species present, but too numerous to list. I 
2. Situation Infertile dry soil, leached of nutrients. Exposed to salt laden sea winds . 
3. Extra Notes This vegetation community is devoid of trees and there is dramatic stunting 
of the more exposed plants closer to the sea. 
Many of the plants are leguminous and well adapted to both dry winds and fire. 
CHARACTERISTIC COMMUNITY 4: MELALEUCA SWAMP EDGE COMMUNITY 
1. Main Species Melaleuca quinquenervia 
Others Eucalyptus robusta 
Omalanthus populifolius 
2. Situation Border of Redhead Lagoon, subject to periodic flooding . 
3. Extra Notes Continuous canopy with dense understorey of shade- and water-tolerant plants. 
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4.6.2 Disturbance 
Following European settlement, the vegetation within the catchment wa& disturbed by logging and 
clearance for agriculture, industry and housing. Logging and clearing of the native softwood species 
and the best Eucalypt specimens, in addition to fire activity, has resulted in a relatively immature 
forest cover of uniform structure. Most trees range from 15 to 25 m in height (Lake Macquarie 
Council 1980). 
It has also been argued that there has been an increase in bushfire intensity since European 
settlement, which in turn has had a profound effect on the structure and composition of the forest 
communities. Non-sclerophyll tree species have been heavily depleted while only fire resistant 
shrubs and ground species adapted to colonising freshly burned areas have survived in large 
numbers (Lake Macquarie Council 1980). 
Eutrophication at the northern end of the lagoon (usually caused by excess nutrients associated with 
stormwater runoff), and the presence of the weed water hyacinth (Eichhornia crassipes}, were noted 
as significant problems in 1989 (Shortlands Wetland Centre 1989; Winning 1989). 
4.7 Land use history 
4. 7. 1 Introduction 
Land use within the catchment of Redhead Lagoon has changed dramatically over time in terms of 
its nature, location and extent. Originally used as a camping ground for the Awabakal Aboriginal tribe 
(Dyall 1972), the area has experienced its greatest changes during the period of permanent 
European settlement. These changes in land use are discussed in more detail below. 
4.7.2 The Awabakal Aborigines 
The indigenous inhabitants of the Newcastle and Lake Macquarie area were known as the Awabakal 
(Lindus 1988; Austin et at. 1995; Blyton and Turner 1996). European accounts and paintings by 
convict artists such as Lycett (Hoorn 1990; Turner 1997) indicate that the area possessed a rich 
variety of resources, which the indigenous people managed to their advantage (Figures 4.9a-c). The 
evidence of Aboriginal settlement and exploitation of the natural environment in this locality comes 
from two complementary sources: material remains and the observations of early European settlers. 
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Figure 4.9a: Aborigines spearing fish, diving for crayfish and seated beside a fire 
cooking fish, by convict artist Joseph Lycett c. 1800. 
Source: National Library of Australia, Canberra. 
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Figure 4.9b: Aborigines using fire to hunt kangaroos, by convict artist 
Joseph Lycett c. 1800. 
Source: National Library of Australia, Canberra. 
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Figure 4.9c: Aborigines climbing a tree, sitting beside a fire and spearing birds, by 
convict artist Joseph Lycett c. 1800. 
Source: National Library of Australia, Canberra. 
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Archaeological evidence suggests that the Awabakal Aborigines hunted and camped within the 
Awabakal Nature Reserve. For example, many campsites have been identified around Redhead 
Lagoon and numbers of stone implements and heavily weathered marine ll.hells have been found on 
the upper reaches of nearby Freshwater Creek (Dyall 1972; Lake Macquarie Council 1985) (Figure 
4.1 0). There are remains of Aboriginal middens at Dudley (Lake Macquarie Council 1980) and it has 
been suggested that Redhead Lagoon would have been used as a summer camping place for the 
Awabakal Aborigines (Awabakal Field Studies Centre leaflet, undated). 
In his archaeological survey of the Jewells' Swamp-Dudley area, Dyall (1972:169) wrote that' ... 
believe ... these fairly large camps are located here precisely because they did enable the Aborigines 
to forage for food over a wide variety of habitats ... '. Dyall warned that his survey had probably 
missed many small campsites, but argued that sufficient camps had been discovered to provide a 
general picture of Aboriginal occupation of the area. 
There are conflicting reports on the actual number of Aborigines in this area immediately after 
European colonisation. In 1828, the Reverend Lancelot Edward Threlkeld counted only 64 
Aborigines in the area (see Section 8.3.5.4), while other early European accounts speak of 'many 
natives' (Dawson 1830; Dyall1971). In addition, it is likely that Aboriginal populations were severely 
reduced through the effects of disease in the late 18'" and early 19'" centuries. Many early European 
explorers commented on the effects of disease on Aborigines. For example, in his expedition down 
the Murrumbidgee and Murray Rivers between 1829 and 1831, Charles Sturt noted both small 
numbers of Aborigines and the physical signs of disease. 
The population of the Morumbidgee [sic[ ... did not exceed from ninety to a hundred souls. I am persuaded 
that disease and accidents consign many of them to a premature grave ... (Slur! 1833(3):10). 
The most loathsome of diseases prevailed throughout the tribes, nor were the youngest infants exempt 
from them. Indeed, so young were some, whose condition was truly disgusting, that I cannot but suppose 
they must have been born in a state of disease; but I am uncertain whether it is fatal or not in its results, 
though, most probably it hurries them to a premature grave ... (Slur! 1833(5):8). 
It has been argued that the devastation of disease may have disrupted Aboriginal society, resulting in 
ecological change and instability (Gale and Haworth 2002; Tibby 2003). 
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Figure 4.10: Aboriginal archaeological sites in the Redhead - Dudley area. 
Source: Modified from Dya/1 (1972). 
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4.7.2.1 Historical accounts of Aboriginal use of fire in the region 
An overview of the conjectural history of long-term fire regimes in Australia was provided in Section 
3.4.3. This Section describes historical accounts of Aboriginal fire use specifically within the 
Awabakal tribal region. 
The Awabakal Aborigines probably used fire for many purposes, including cooking, pasture 
management, hunting, warmth, the manufacture of weapons and canoes, as well as in ceremonies 
(Sokoloff 1978). Large fires were noted in this region by European navigators and settlers, from 
Lieutenant Cook onwards. 
We saw several smooks [sic] a little way in the Country rise from the flat land, by this I did suppose that 
there were lagoons which afforded subsistence for the natives such as shell fish ... (Lieutenant James 
Cook 1770:314 in Sokoloff 1978). 
[The] fires ofthe natives and many individuals of them were to be seen ... (Grant 1803:155). 
We descended into a small valley at the foot of the hill, where there was a large flock of kangaroos feeding 
upon the young and tender grass which had sprung up after a fire of the natives ... (Dawson 1830:214). 
We saw here abundant traces of the wild natives: the smoke of their fires and from the grass which was 
burning in various directions amongst the hills, frequently ascended in thick clouds at a distance on all 
sides of us ... (Dawson 1830:218). 
Dyall (1971) has claimed that the Awabakal Aborigines practised no form of gardening, but could be 
said to have farmed kangaroos. He argued that it was their custom to burn the scrublands each 
winter, which not only encouraged an early growth of spring grass to attract kangaroos and 
wallabies, but also cleared the ground for easier stalking of the game. Dyall contended that this 
custom might explain why so many of the side valleys in the Hunter drainage system were found to 
be 'open parkland' by the first white settlers. 
In summary, the Awabakal Aborigines left specific impacts on the landscape. Material evidence, 
such as the notching of trees and the construction of fish traps, suggests that the immediate impact 
of the Aborigines on the landscape was largely ephemeral. However, Bird (1995) has pointed out 
that while some researchers have contended that Aboriginal fire played a dominant role in 
decreasing the area of forests and expanding and maintaining savannas and sclerophyllous 
vegetation, the link between prehistoric humans and environmental change is, as always, 
circumstantial and the evidence sometimes contradictory. 
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4. 7.3 European settlement (post-1797) 
4.7.3.1 Convicts, free settlement and citrus orchards 
Newcastle is the second oldest European settlement in Australia. The first official European landing 
occurred in September 1797, when Lieutenant John Shortland landed at the mouth of the Hunter 
River (Ciouten 1967), although convict escapees had reached this area earlier (see Section 4.7.3.2). 
After an initial attempt in 1801, a convict settlement was successfully established in 1804 at 
Newcastle and lasted until 1822. The population was limited during this period, as free settlement 
was prohibited. Newcastle gained a reputation for being one of the most brutal outposts of the 
convict system (Docherty 1983). Convict labour was used for the extraction of resources such as 
coal, cedar and shells for lime, which may have caused modifications to the landscape. In addition, 
convict escapees and pastoralists explored, and perhaps modified (e.g. Gale and Haworth 2002), 
land within this region before the end of the convict period in 1822. 
In 1823 Newcastle was opened up for free settlement. The primary role of the Newcastle settlement 
soon became the extraction of resources: oyster shells for lime, trees 'found in great plenty' for 
timber and, of course, coal (Grant 1803). It has been noted that in the last half of the 19'" Century. 
several timber companies exploited extensive hardwood forests in the Lake Macquarie region, 
particularly blackbutt (Eucalyptus pilularis), blue gum (Eucalyptus sa/igna), turpentine (Syncarpia 
glomulifera), tallow-wood (Eucalyptus microcorys) and huge quantities of forest oak ( Casuarina 
torulosa) to be used for shingles (Suters Architects Snell1993). 
The Dudley locality appears to have been first settled permanently by Europeans around the time of 
the enactment of Robertson's Crown Lands Alienation and Crown Lands Occupation Acts in 1861. 
Early parish maps indicate that apart from an area reserved as Crown land, all the land in the 
catchment was granted to small-scale farmers and orchardists throughout the 1860s and 1870s 
(Kahibah Parish Map 1891) (Figure 4.11). The livestock possessed by early European settlers at 
Dudley included horses, cattle and pigs, whilst the crops included bananas, oranges, mandarins, 
peaches and loquats (Ciouten 1967; Ede eta/. 1987) (Figure 4.12). 
According to the Newcastle Chronicle of 14 February 1871, Mr James Parker had an orchard at Big 
Redhead ' ... in which fruit of every description, home and foreign, are to be found in profusion ... it 
has been six years only in the process of formation ... '. On the 1891 Kahibah Parish Map (Figure 
4.11 ), Lydia Parker Priest is shown as the owner of 40 acres to the west of Redhead Lagoon. This 
may have been the site of the orchard referred to by the Newcastle Chronicle (Lindus 1988). 
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Figure 4.12: Memorial on gravestone of some of the earliest settlers in Dudley, 
the Bailey family. 
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4.7.3.2 Dudley Colliery 
As regards Newcastle it is essentially a seaport and a coally seaport ... whil~t if you pass three persons 
talking together you will be sure to hear their conversation is about coals ... (Sydney Morning Herald 20 
August 1866). 
Much of the story of Newcastle rests on coal (Renwick 1966). For example, in 1791, possibly the first 
discovery of coal by Europeans in Australia was made by a party of escaped convicts, led by William 
and Mary Bryant, at Glenrock Lagoon, just north of Dudley (Branagan 1972). 
Although Dudley was first settled permanently in the 1860s, it was not until the opening of a local 
coal mine that settlement really took off. The grow1h of Newcastle, and Dudley as one of its suburbs, 
was undoubtedly linked with the coal trade. 'Dudley Colliery' (originally known as South Burwood 
Colliery) was located within the northwestern part of the catchment and commenced operations 
during the late 1880s (Tonks 1987) (Figures 4.13a--<:). The mine was dry and dusty and worked with 
picks on the board and pillar system. Coal haulage below the surface was done with horses, which 
were stabled at the surface. Coal was given only simple preparation, comprising hand picking and 
screening (Powers 1912). 
During its fifty-year history, Dudley Colliery almost certainly caused environmental change within the 
northern region of the catchment. For instance, during construction, rock and fill were brought in to 
build up the site on which the main pithead was to be located (E Tonks pers. comm.). A feature that 
was peculiar to Dudley Colliery was that there was no Colliery dam (Tonks 1987). Instead, water was 
drawn from Redhead Lagoon to raise steam in the boilers. Dirty water was also sometimes spilt from 
the pit into the lake and on one occasion was reported as killing eels up to two and a half metres 
long (Edes el at. 1987). 
Waste from the coal mine was dumped in two places: a chitter dump and a general waste dump, 
both located near the pithead (E Tonks pers. comm.). The chitter dump consisted of spoil from the 
coal-sorting screens and included sorted coal, shale and organic material. The most notable feature 
of the chitter dump was that it was extremely combustible and it smouldered occasionally until it was 
flattened in the 1980s. The general waste dump consisted of pieces of shale and sandstone. The 
pithead site and the waste dumps from the mine are now the site of two football fields. The first was 
constructed in 1958 and the second after 1970. An area on the eastern side of the playing fields was 
infilled by 'gravel filled with ashes', before the field was graded and covered with topsoil (Lake 
Macquarie Council Records, undated). Two dams were constructed in the mid-1980s to trap 
sediments eroded from the playing fields. These dams are regularly dredged to remove the build-up 
of sediment indicating that there is a continuing problem of erosion of the coal mine waste dumps 
and the fill on which the two playing fields have been built. Dudley Colliery closed in 1940. Apart from 
the remains of coal heaps and slag mounds just south of the two playing fields, there is very little 
visible remaining evidence of its existence today. 
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The opening of Dudley Colliery in 1889 brought an influx of miners and their families to the district. In 
1890 Dudley's population was approximately 250 (Edes et al. 1987) and was concentrated around 
the Colliery. There was a slight growth in population during the 1920s, ~which was also a period of 
suburban expansion in Newcastle (Docherty 1983). Heavy investment by the State Government in 
urban services during this period led to the connection of electricity in 1927 and water in 1928 (Edes 
et al. 1987). Roads also improved during this period. 
Figure 4.13a: Dudley c. 1900 (note Dudley Colliery in background). 
Source: L Webber Collection. 
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Figure 4.13b: Dudley Colliery, c. 1900. 
Source: G Hicks Collection. 
Figure 4.13c: South Burwood (subsequently Dudley) Colliery 
under construction, c. 1890. 
Source: E Tonks Collection. 
Chapter 4. S1te descnpllon 70 
The environmental reconstruction of the last glac1al cycle at Redhead Lagoon, eastern NSW 
4.7.3.3 Urban growth and industrial activity 
Following the Second World War, there was spectacular suburban growlh in the Newcastle region, 
based on immigration, widespread car ownership, and comparatively cheap land and petrol 
(Docherty 1983). The township of Dudley changed during this period. In 1955, it was noted in the 
Newcastle Morning Herald (12 November 1955) that half of Dudley's residents worked in connection 
with coal mining, while the other half were city workers who resided in Dudley. This contrasts 
markedly with the early part of the century, when nearly all the residents were directly connected to 
the Colliery. Population statistics for Dudley show that most population grow1h occurred from the 
1960s onward (Lake Macquarie Council1971). The early-mid 1960s appear to have been the 'take-
off point for population growth and subsequent urban development. Between 1960 and 1975 Dudley 
doubled in size and went from a working class to a middle-class settlement, with development during 
this period almost completely residential (Newcastle Morning Herald 1 April 1976). The sudden 
increase in population grow1h during this period may be linked to the connection of a sewage carrier 
in 1964 (Edes eta/. 1987). 
During the mid-1970s the State Government announced that it intended to establish a Nature 
Reserve between Dudley and Redhead. The 'Awabakal Nature Reserve' was officially opened in 
February 1978 (Edes eta/. 1987). This restricted development within those parts of the catchment 
included in the reserve. Today, approximately one-third of the catchment (excluding the lake area) is 
urbanised. Most urban development is concentrated within the northern region. 
The broader region of Newcastle also has a long tradition of industrial activity. The establishment of 
large secondary industries in the Newcastle region was based primarily on the advantages of coal 
deposits close to the port, and began in the last half of the 191" Century (Daly 1966). A number of 
Copper Smelters operated from this time, including smelters at Port Waratah (during the 1890s) and 
Broadmeadow, which operated into the early 1900s (Daly 1966). However, and perhaps most 
importantly, the first copper smelting works in Australia was established at Smelter's Beach 
(Burwood Beach) in 1853, approximately 4 km north of Redhead Lagoon (Windross and Ralston 
1897; Lake Macquarie Council 1980; National Parks and Wildlife Service NSW 1994). By 1854, the 
Burwood Copper Smelter was producing 20 - 30 tonnes of refined copper weekly (Newcastle Flora 
and Fauna Protection Society 1983). However, the smelter operated only for three years in the 
1850s, nine months in the mid-sixties, a few more months in 1869 and for a short period in the early 
seventies, after which it turned to processing other metals (Bairstow 1987). 
A smelter situated at Boolaroo, approximately 15 km west of Redhead Lagoon, was the first major 
secondary industry to be established in the Lower Hunter region (Lake Macquarie Council 1993). 
The plant began operations in 1897 and extracted lead, zinc and silver from Broken Hill ores up until 
1922, when smelting was discontinued and activity on the site expanded into the production of 
sulphuric acid, superphosphate, fertilisers and cement (Pasminco Metals Sulphide, undated). In 
1961, the production of lead and zinc was resumed with the establishment of the Imperial Smelting 
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Process, and continued until 2003. Selenium, cadmium and copper sulphate were also produced 
during this process (Pasminco Metals Sulphide undated). 
In 1915, the Broken Hill Proprietary Company (BHP) established a steelworks in Newcastle. This 
provided an enormous boost to the local economy and expanded the boundaries of the city (Daly 
1966). Coal-fired power stations have also operated adjacent to Lake Macquarie since the late 
1950s (Marshman and Hodgson 1991). Currently, there are three power stations in operation, 
located on the western and southern edges of the lake. 
The Newcastle Glass Works extracted sand for glass making from an area in the southeast corner 
of the catchment between the 1950s and the 1980s (Lake Macquarie Council 1980). This activity 
would have created some disturbance of the catchment surface. For instance, top soil was removed 
to enable the extraction of sand (Newcastle Morning Herald 5 October 1976). Field inspection of the 
site reveals that the area is now revegetated, with only a few exposed patches of sand and the 
remains of bricks and coal indicating former activities within the catchment area. 
4. 7.4 Summary 
Each episode of human occupation has left specific traces in the landscape. This may be seen at 
Dudley in the material remains of past activities. Each period has also led to some modification of 
the lake's catchment surface. One of the aims of this thesis is thus to ascertain the magnitude of the 
environmental consequences resulting from different episodes of human occupation within and 
beyond the catchment area. In particular, human impact in terms of changes in sedimentation rates 
and vegetation modification will be specifically investigated. 
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5.0 CHAPTER 5: Field and laboratory methods 
5.1 Introduction 
The palaeoenvironmental reconstruction in this study will be achieved primarily through 
sedimentological, palynological and mineral magnetic analyses of long sediment cores. This chapter 
outlines and describes the various field and laboratory methods used. 
This study expands on the work performed on sediment cores taken from Redhead Lagoon by 
Franklin (1997). Franklin's (1997) original work concentrated on one core, Core F4c, of Holocene 
age. This study concentrates on two longer sediment cores, Cores E12b and E12c. In addition, 
further analyses (pollen, charcoal and age dating methods) on Core F4c have been performed and 
the results of these are presented. For a detailed description of all other methods used and results 
for Core F4c refer to Franklin (1997). 
5.2 Field methods 
5.2.1 Field sampling design 
Spatial patterns of lake sedimentation can be highly variable (e.g. Bloemendal at a/. 1979; 
Thompson and Oldfield 1986; Edwards 1991). Therefore, characterisation of lake sediments using a 
single core can be inadequate. To circumvent this problem, a number of cores was taken from a 50 
metre grid aligned along the main axis of Redhead Lagoon (313° magnetic) in the 1997 study by 
Franklin. As a result of this original survey of the stratigraphy of the lake basin, the site judged to 
possess both the longest and highest resolution record was chosen. The site chosen for the master 
core was E12, which is located in the distal part of the basin (Figure 5.1). The primary aim of this 
thesis is to investigate environmental change over the last full glacial-interglacial cycle. Therefore, 
the master core site is located at the site where rates of sedimentation are low and where the 
depositional record appears to be the longest. This site is also located away from inlets, where 
deposition is likely to reflect locally controlled patterns of sedimentation rather than catchment-wide 
processes. Furthermore, marginal locations may be affected during periods of both low and raised 
lake levels. When the lake is low, the sediments may be subject to weathering, erosion and 
reworking by subaerial processes, leading to incomplete sequences and/or sediment re-deposition. 
This also presents a problem for pollen preservation. Therefore these sites were avoided. 
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Figure 5.1: Location of coring sites in Redhead Lagoon, 
including master core sites E12 and F4. 
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5.2.2 Field sampling procedure: vibrocoring 
Initially, one long sediment core was successfully obtained from coring site E12 (see Figure 5.1 for 
location). The need for extra material for further laboratory analyses required a second core to be 
obtained from the same site at a later date. 
Both cores were collected using a vibrocorer, operated by personnel from the Geography 
Department at the University of Sydney (Figures 5.2a-c). Vibrocoring was undertaken from a 
catamaran flat-bottomed punt which enabled easy access to the southern basin of the lake. The 
procedure outlined in Melee (1999) was followed. The theory of operation of vibrocoring, along with 
the technique's advantages and disadvantages are summarised in Smith (1998) and Glew et a/. 
(2001 ). 
The core barrel length of the first long core (Core E12b) was 5.80 metres, while the second long core 
(Core E12c) was 7.30 metres. Both cores have a diameter of 50 mm. After each core was obtained 
from the lake, the core sediments were extruded from the stainless steel barrel into plastic sleeving. 
They were then cut into one metre lengths, labelled and sealed for transport back to the laboratory. 
The depth of penetration of the core barrel and the water depth were measured at the time of 
sampling. This allowed the effects of core compaction to be assessed and corrected for (see Section 
5.3.1 ), although it should be noted when using this method that any compaction effects are assumed 
to be linear. 
5.2.3 Reflection seismic profiling 
Reflection seismic techniques were initially introduced more than 80 years ago, and are currently 
routinely employed in the search for oil and gas (e.g. Dobrin and Savit 1988). Reflection seismic 
profiling enables the interpretation of sub-surface stratigraphy and this technique has been used in 
several studies of estuaries in southeast Australia (Melee 1999). The seismic reflection method uses 
acoustic waves to remotely image any stratigraphic contrasts in sediment physical properties (Scholz 
2001). Reflectivity across a lithologic interface is quantified as the contrast in acoustic impedance, 
the product of saturated bulk density and P-wave velocity of the adjacent sediments (Dobrin and 
Savit 1988; Sheriff and Geldart 1995). 
In order to determine the depths of lithological boundaries within the sediments contained within the 
Redhead Lagoon lake basin, a detailed seismic profiling survey was undertaken in the southern 
basin of the lagoon (between sites D12 and F12). Figure 5.3 shows the location of the transect along 
which the seismic profiling survey was undertaken. Seismic profiling was not undertaken in the 
northern basin as previous cores taken from this basin revealed a higher rate of deposition and 
reached bedrock at a shallow depth (see Franklin, 1997). The method used follows the procedures 
outlined in Me leo ( 1999). 
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Figure 5.2a: Master core E12b being extracted by vibrocorer from Site E12. 
Figures 5.2b-c: Master core E12b being extracted by vibrocorer from Site E12. 
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5.2.4 Vegetation survey and modern pollen reference sample collection 
5.2.4.1 Modem catchment vegetation survey 
Baxter and McDonald (1984) provided the first list of the flora of the Redhead-Dudley-Jewells area. 
In addition, a survey of the vegetation within the catchment was undertaken as part of this project. 
The catchment area of Redhead Lagoon was divided into eighteen areas for the vegetation survey 
(Sections A-R; Figure 5.4). Each of these eighteen areas was further subdivided into three 
categories: 
1. species in the water/edge of the water; 
2. species on the bank within 10 m of the water's edge; and, 
3. species on the hillslopes. 
As many species as possible for each area and category were recorded. For identification, 
specimens were compared with reference books, such as Robinson (1994). 
5.2.4.2 Modem species collection for pollen reference images 
Samples of flowering material (anthers) from various species represented around the catchment 
were collected, processed and digitally photographed to assist in the identification of fossil pollen 
from the sediment cores for the site. The anthers were carefully cut from the plant and sealed in 
labelled plastic vials, which were then filled with de-ionised water and two drops of detergent before 
being stored at 4 •c in a refrigerator until processed. Laboratory processing consisted of isolating the 
anthers and performing steps 5 and 6 of the pollen analysis method used for the rest of the sediment 
core samples (see Appendix 1 ). 
5.2.4.3 Surface sediment samples for pollen representativeness 
Twelve lake sediment-surface samples were collected from the edges of the lake adjacent to 
selected vegetation survey sections (see Figure 5.5). This was done in order to ascertain how closely 
the modern pollen rain reflected the vegetation within each sub-area (e.g. Dodson 1977a, 1983). 
This was done by taking grab samples from the surface layer of the lake basin floor, within five 
metres of the water's edge, and placing them in clean, labelled plastic sample bags. A graphic 
example of the first stage of the transfer process of pollen to the lake floor sediments is provided in 
Figures 5.6a-b. These figures illustrate modern pollen fallout into the lake basin from Melaleuca 
quinquenervia trees that were flowering along the fringes of the lagoon when the photographs were 
taken. 
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Figure 5.5: Modern pollen rain: surface sampling sites at Redhead Lagoon. 
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Figures 5.6a-b: Modern pollen fallout into the lake basin from Melaleuca 
quinquenervia flowering along the fringes of the lagoon. 
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5.2.5 Catchment dune sand reference samples 
A sand layer was found in the basal unit of the two cores. In order to determine the provenance of 
the sands, reference samples of sand were taken from possible source areas in the catchment 
(Figures 5. 7a c) . The location of the sand samples taken from the lagoon and the catchment is 
illustrated in Figure 5.8. The samples were obtained from the exposed cliff-top aeolian dune sands, 
perched approximately 125 m AHD on Dudley Bluff, located immediately to the east of Redhead 
Lagoon. 
Seven reference sand samples were obtained from four locations in the catchment: SR8-SR 11 . Two 
samples were taken from different depths at locations SR8 (0.00-0.09 m and 0.09-0.16 m), SR10 
(0.00-0.13 m and 0.13-0.25 m) and SR11 (0.00-0.12 m and 0.12-0.30 m) and one sample was 
obtained from location SR9 (0.00-0.14 m). The samples were collected with a hand auger and 
placed in labelled, plastic bags. All bags were sealed and taken to the laboratory for grain size and 
shape analysis (see Sections 5.3.4 and 5.3.5). 
SR9 SR10 
SRS 
Figures 5. 7a-c: Examples of dune sand reference sampling sites from the vegetated 
cliff-top sand on Dudley Bluff. 
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Figure 5.8: Location of the sand samples taken from the lake 
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5.3 Laboratory methods 
5.3.1 Core correlation, logging and sub-sampling 
5.3.1.1 Volume magnetic susceptibility determination 
Initially, downcore variations in volume-specific low-field magnetic susceptibility were measured on 
both Core E12b and E12c. This was done using a Bartington Magnetic Susceptibility Meter- Model 
MS2. The outside of the cores to be measured was cleaned prior to measurement, to avoid spurious 
results arising from contamination. The susceptibility meter was set up in an area of the laboratory 
away from any high power radio instruments, heavy machinery or large ferrous objects to avoid 
possible magnetic interference. The meter was set at 0.1 (high) resolution and to Sl units for all 
measurements. Measurements were taken at 20 mm intervals along each core and any background 
drift was recorded and corrected for after each measurement. The meter was re-zeroed after each 
measurement. 
5.3.1.2 Core description and sub-sampling 
Following magnetic susceptibility measurement, the cores were opened and the colour changes in 
the moist sediments of all the cores were recorded using Munsell Soil Color Charts. The sedimentary 
structures, texture and nature of organic content of the sediments were also noted. Fragments of 
macroscopic charcoal from various depths were removed and placed in clean, labelled vials for AMS 
radiocarbon dating (see Section 5.3.6.2). 
Cores E12b and E12c were treated differently after this point as Core E12c was primarily obtained 
for the purpose of luminescence dating, so procedures that involved exposure of the inner sediments 
of the core to light were avoided. The following sections describe the laboratory procedures 
performed on Core E12b (the primary core used in this thesis), unless otherwise specified. 
Core E12b was carefully cut into a continuous series of 4 em thick (actual depth) slices, and placed 
on weighed and labelled petri dishes. The sample thickness (actual depth) was determined by 
dividing the compacted length of the core (3.72 m) by the depth of penetration of the corer into the 
sediment (5.80 m), then multiplying this by the true sub-sample thickness (4 em). This resulted in 
slices of approximately 2.56 em being cut, equivalent to 4 em real depth. Following this, the visual 
logging of the core was repeated on each of the dry sub-samples and any further features noted 
were added to the core log. 
It should be noted that a linear rate of sediment compaction during coring was assumed, as the 
same magnetic susceptibility profile can be demonstrated for three cores taken from this sampling 
site (Cores E12a, E12b and E12c) (Figure 5.9). Although each of these cores penetrated the 
sequence to different depths, all of the overlapping parts of cores E12a, E12b and E12c display 
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comparable magnetostratigraphies (approximately 0.00- 4.00 m). The two longer cores (E12b and 
E12c) below the equivalent depth of the base of Core E12a also show comparable 
magnetostratigraphies. In addition, the susceptibility record of Core E.12c extends approximately 
1.50 m below the point at which the equivalent record in Core E12b stops. Thus, it is unlikely that the 
cores simply sampled a finite depth of sediment and then continued to penetrate the stratigraphy as 
they were inserted, resulting in the displacement of the lower sediments rather than allowing them to 
accumulate in the core barrel (i.e. a 'spearing' effect). 
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5.3.2 Moisture and organic content, bulk and mineral bulk density 
determination 
5.3.2.1 Core E12b: moisture content and bulk density determination 
Bulk density and mineral bulk density measurements provide information on the flux of sediment to 
the basin and hence on variations in rates of catchment erosion. Bulk density is the mass (kg) of an 
air-dry sediment sample divided by the volume (m3) of that sample. The two main factors affecting 
this relationship are the composition and packing of the sediment. The composition of the sediment, 
particularly the relative proportions of mineral and organic matter, affects the intrinsic density. The 
packing controls the size and number of voids within the sediment (Briggs 1 g77b). 
The weight of each petri dish and field-moist sample was recorded as the field-moist mass. Each 
sample was covered and left to air-dry, after which the samples were re-weighed. The percentage 
moisture content of each sample was calculated by dividing the mass of the moisture loss by the 
mass of the field-moist sample (see Equation 1). The dry bulk density (kg m·3) of each sample was 
determined by dividing the air-dry sample mass by the actual volume of the sample (see Equation 2). 
Equation 1. 
Equation 2. 
5.3.2.2 
Moisture content(%) = m1 x 100 
m2 
m1: moisture loss mass (kg) 
m2: field-moist sample mass (kg) 
Bulk density (kg m'3) = m3 
v 
m3: air-dry sample mass (kg) 
v: sample volume (m3) 
Core E12b: sub-sampling for further analyses 
After determining its moisture content and bulk density, each sample was trimmed to remove any 
potentially contaminated material from the outer part of the core. A sub-sample from each 
(approximately 1 cm3) was set aside for pollen and charcoal analyses, with the remainder of the 
material being carefully broken down (and not ground) to aggregated less than 2 mm in diameter, 
using a mortar and pestle. This was then split, using a riffle box, to provide three sub-samples for 
further analysis, including: 
1. loss-on-ignition (LOI) and mineral bulk density determination; 
2. mineral magnetic analysis; and 
3. particle size analysis. 
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5.3.2.3 Core E12b: loss-on-ignition and mineral bulk density determination 
Plant organic matter content is influenced by climate, lake water depth and the organic productivity of 
the lake. The organic matter content of lake sediments provides information that is important to 
interpretations of both natural and human-induced changes in local and regional ecosystems 
(Meyers and Teranes 2001). Downcore variations in organic content can also be employed to 
convert measures of dry bulk density to mineral bulk density and hence to provide a measure of 
minerogenic influx to the lake basin. 
Sub-samples for plant organic matter content and mineral bulk density determination, each weighing 
between 0.5 and 5 g, were ground to a fine powder (<63 ~Jm) using a mortar and pestle. Following 
this, the samples were dried in the oven (105"C for 24 hours). Organic matter content was 
determined using the low temperature loss-on-ignition method (430"C for 24 hours) of Davies 
(1974). The percentage organic matter content was calculated by dividing the mass of the ignited 
weight loss by the mass of the oven-dry sample (see Equation 3). Mineral bulk densities (kg m"3) 
were determined by multiplying the bulk density by the inverse of the organic matter content (LOI) of 
each sample (see Equation 4). 
Equation 3. 
Equation 4. 
Loss-on-ignition (%) = m4- m5 x 100 
(LOI) m4 
m4: oven-dry mass (1 os•C/24 hours) (kg) 
m5: ignited mass (4JO•Cf24 hours) (kg) 
Mineral bulk density (kg m_.) = (100- LOIJ x BD 
100 
LOI: loss-on-ignition (%) 
BD: bulk density (kg m"J 
5.3.2.4 Core E12c: moisture and organic content, bulk and mineral bulk density 
determination 
In order to prevent the inner sediments of Core E12c from being exposed to light and thus destroying 
the potential for luminescence dating, the above sedimentological analyses (moisture content, bulk 
density, organic matter content and mineral bulk density) were performed on this core using 1 cm3 
sub-samples. These were extracted using a sterile syringe from which the nozzle had been carefully 
removed. The core was sampled every 5 em along the length of the core, except for the section 
between 1.475 and 2.025 m, which was sub-sampled at a finer interval (every 2.5 em). Sections 0.00 
to 0.475 m and 0.825 to 1.025 m were not sampled due to difficulties associated with the high water 
content of the upper section of the core. Nor was Section 5. 775 to 6. 725 m sampled as this had 
been sealed for possible luminescence dating (see Section 5.3.6.3) and exposure to light needed to 
be avoided. After obtaining the 1 cm3 sub-samples from Core E12c, the moisture content, bulk and 
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mineral bulk densities and organic matter content of the core were calculated using the procedures 
described in Sections 5.3.2.1 and 5.3.2.3. 
5.3.3 Mass-specific mineral magnetic susceptibility 
Magnetic susceptibility provides an index of the concentration of ferrimagnetic grains (see Section 
2.3.4), or simply measures the ease with which a material can be magnetised (Thompson and 
Oldfield 1986). Weighed and labelled plastic vials were filled with the sub-samples obtained in 
Section 5.3.2.2. Care was taken to avoid grinding the sample as this risked breaking down magnetic 
grains and modifying the magnetic properties of the material. The vials were re-weighed once the 
sam pie had been added. 
The Bartington Magnetic Susceptibility Meter and MS2B Dual Frequency Sensor were set up as 
described in Section 5.3.1.1. Samples were measured following the procedure outlined in Gale and 
Hoare (1991). 
A minimum of ten measurements was taken for each sub-sample. However, because of the low 
susceptibility of the sediments, it was necessary in some instances to take further measurements 
until a clear trend or cluster pattern was established. The background drift after each measurement 
was recorded and the interval between measurements was kept short and uniform to minimise any 
drift effects. The meter was zeroed after each measurement. Measurements were taken in a low 
frequency (0.465 kHz) applied field and then repeated at high frequency (4.65 kHz). Both the high 
frequency and low frequency measurements of each sample were averaged, with values expressed 
on a mass-specific basis (see Equation 5). 
Frequency-dependent susceptibility is a measure of the variation of susceptibility with the frequency 
of the applied field (Oldfield eta/. 1985). The frequency-dependent susceptibility of the samples was 
calculated as the decrease in susceptibility per factor of ten increase in the frequency of the applied 
field and expressed as a proportion of the sub-sample's low frequency susceptibility (Gale and Hoare 
1991) (see Equation 6). 
Equation 5. 
Equation 6. 
N J Willtams 
Mass-specific mavnetic 
susceptibility (1(J m3kg"1) 
= 
..J!it 
m/0.01 
X•: average low frequency susceptibility measumment (to-" dimensionless Sf units) 
m: sample mass (kg) 
Frequency-dependent = !xtt=X!!!l x 100 
magnetic susceptibility ("A.) xw 
xw: average low frequency susceptibility measurement (1(J5 dimensionless Sf units) 
X•t: average high fmquency susceptibility measumment (1cr" dimensionless Sf units) 
Chapter 5: Methods 88 
The environmental reconstruction of the last glac1al cycle at Redhead Lagoon, eastern NSW 
5.3.4 Particle-size analysis 
5.3.4.1 Introduction 
Particle size and particle-size distribution are amongst the basic physical properties of geological 
materials. More significantly, the particle-size distribution of a material may be a sensitive indicator of 
the environmental conditions under which it formed (Gale and Hoare 1991 ). 
The particle-size distribution of the silt-sized sediments of the upper 3.96 m of Core E12b was 
determined by laser granulometry. The particle-size distribution of the sand-sized sediments of the 
basal 2 m of the core was measured by sieving. 
5.3.4.2 Laser particle-size analysis (0.00- 3.96 m of Core E12b) 
Particle-size analysis was carried out on sub-samples from the upper 3.96 m of Core E12b using a 
Malvern Mastersizer in the laboratories of the Australian Nuclear Science and Technology 
Organisation (ANSTO), Environment Division. Between 0.5 and 1 g of sediment from each sub-
sample was suspended in water, mixed thoroughly using an ultrasonic bath, and poured into the 
instrument. A few drops of dispersant were added to the sample in order to reduce flocculation. The 
sediment was then flushed past a laser, with each particle reflecting or refracting the laser beam to a 
different extent depending on its size. The Malvern Mastersizer detects the diameter of particles by 
measuring the extent to which a laser beam is deflected by each particle. These data are then 
applied to a specific model for polydispersed grain size class and the fraction of sediment in each 
grain size is determined (Malvern Mastersizer Instruction Manual). This method was used to 
measure the proportion of different size classes of particles up to 900 ~m in diameter. Plant organic 
matter was not removed before particle-size analysis was undertaken. However, 22 samples were 
selected for further analysis, with an extra pre-treatment step involving the addition of hydrogen 
peroxide to remove organic matter before particle-size analysis. The results of these analyses 
indicated that the pre-treatment step of removing organic matter only made a significant difference in 
the samples with high organic matter content. Therefore, the samples with elevated LOI values 
(samples between 0.00 and 0.50 m have LOI values >20 %) need to be interpreted with caution. 
5.3.4.3 Particle-size analysis by sieving (3.96- 5.80 m of Core E12b and 
catchment reference sand samples) 
Seven samples from between 3.96 and 5.80 m in Core E12b (labelled SR1-SR7) were selected for 
analysis along with the dune sand reference samples SR8-SR11 (see Section 5.2.5). 
The samples were initially weighed and washed through a 63 ~m sieve, the sand-silt boundary 
definition as used in this thesis. The contents of each sieve (>63 ~m) were retained, left to air-dry 
and re-weighed. Each >63 ~m fraction (ranging between 20 and 40 g) was then placed into a stack 
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of sieves at quarter phi-unit intervals assembled in descending size order, from -2 phi-units (4 mm) 
to 4 phi-units (63 ~m). Each set of sieves was placed onto a shaker for ten minutes. The content of 
each sieve was weighed and recorded in order to determine the proportioos of each size fraction in 
the bulk sample. 
From these results the mean grain size, sorting (standard deviation), skewness and percentage 
gravel and sand were calculated for each sample. Calculations were made using the graphical 
procedures outlined in Briggs (1g77a). The particle-size summary statistics were then plotted in the 
form of bivariate scattergrams in an attempt to assess whether the core samples and the dune 
reference samples possessed similar characteristics. 
5.3.5 Particle-shape analysis 
Particle shape can be used to distinguish between different depositional environments of sediments 
(e.g. Troedson and Hashimoto, 2004). When analysing particle shape, there are many important 
factors to consider, such as lithology, the nature of the sedimentary process, the period and/or 
distance of transport, sorting, particle size and random factors (Gale and Hoare 19g1). The terms 
'roundness' and 'angularity' are often used to describe the overall shape of the particle. In order to 
standardise the description of shape, several indices have been developed. Common indices include 
those of roundness, angularity, elongation, form, sphericity and flatness. 
Sub-samples from the sand samples SR1-SR11 used in the sand sieving analysis (Section 5.3.4.3) 
were placed into clean, labelled petri dishes and examined under 50x magnification using an 
Olympus reflected light microscope. First, the petrology of each sample was examined, noting the 
main minerals present and their relative proportions. Between 134 and 366 grains were then counted 
for each sample, assigning the shape of each grain to one of three categories using a simplified 
version of the roundness chart index of Powers (1g53). 
Category 1: well-rounded to rounded; 
Category 2: sub-rounded to sub-angular; and 
Category 3: angular to very angular. 
Additionally, minor features developed on the surface of sediment grains may be helpful in 
deciphering the depositional environment (Reineck and Singh 1gso). For example, investigations by 
Cailleux ( 1g42) indicated that in a marine environment, the majority of quartz grains show polished 
surfaces. However, in fluvial environments only a smaller percentage of quartz grains show polished, 
shining surfaces. It is important to note that there are limitations to this analysis, as many quartz 
grains can possess an intermediate texture, and thus cannot be assigned to a specific environment. 
Nonetheless, the presence and type of any surface markings on individual grains was noted for both 
the core and catchment dune sand grains (e.g. striations, frosting, lustre, polishing and grain 
coatings). 
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5.3.6 Determination of chronology: dating methods 
5.3.6.1 Introduction 
In order to place the environmental changes inferred from the sedimentary record in a reliable 
chronological framework, it is essential that a detailed dating programme is carried out on the 
sediments. There are many techniques available. The choice of suitable technique is dependent on 
both the material being analysed and the timescale involved. It was decided to use two different 
dating techniques - Accelerator Mass Spectrometry (AMS) radiocarbon and Optically Stimulated 
Luminescence (OSL). Both methods are outlined below. 
5.3.6.2 Accelerator Mass Spectrometry (AMS) radiocarbon dating 
Initially, to determine chronologies for Cores E12b, E12c and F4c, the technique of AMS radiocarbon 
analysis was used. Radiocarbon (14C) dating is the most widely applied chronostratigraphic tool in 
the study of Late Quaternary lake sediment sequences (Lowe and Walker 1997; Bjorck and 
Wohlfarth 2001). A full explanation of the theory behind radiocarbon dating is given in Oeschger 
(1986), Pilcher (1991) and more recently in Bjorck and Wohlfarth (2001). 
Two different approaches to radiocarbon dating are now available. Conventional radiocarbon dating 
is based on the decay counting of the isotope, while the AMS technique is based on particle counting 
(Bjorck and Wohlfarth 2001 ). The AMS 14C method has arguably revolutionised radiocarbon dating, 
because only small amounts of pure carbon are needed to perform a measurement (Linnick et a/. 
1989). For this reason, it is the technique used in this study. Detailed descriptions of both techniques 
are provided by Lowe and Walker (1997). 
Samples were submitted to the AMS Radiocarbon Laboratories at ANSTO, Menai, Australia and the 
University of Waikato, Hamilton, New Zealand. The initial radiocarbon measurements were carried 
out on pieces of macroscopic charcoal isolated from the sediments, using standard AMS 14C 
processing techniques. A detailed description of the samples submitted for AMS radiocarbon dating 
from Cores E12b, E12c and F4c is provided in Tables 5.1a-c. 
Bird eta/. (1999) have argued that in most cases a simple acid-base-acid (ABA) pretreatment is all 
that is required to remove any possible contaminants and provide reliable age estimates. However, 
in some cases it has been demonstrated that the ABA pretreatment does not remove all 
contaminants (e.g. Gillespie eta/. 1992; Gillespie 1997; Turney eta/. 2001c). The results obtained 
for Core E12b raised questions of possible age inversions or contamination problems, so extra 
samples were submitted to resolve the dating uncertainties (see Section 6.8). Additional pre-
treatment steps were performed on these samples to help provide more exact dates. The analyses 
were all carried out at ANSTO, with the help of Dr Geraldine Jacobsen (ANSTO Environment). 
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The first set of additional radiocarbon ages were performed on pollen and microscopic fragments of 
charcoal that were isolated from these samples. The pollen was separated. from the sediment matrix 
using a method adapted by Dr Geraldine Jacobsen from a palynological procedure developed by Dr 
Sander van der Kaars (School of Geography and Environmental Science, Monash University). Many 
studies have used pollen for radiocarbon dating (e.g. Grindrod eta/. 1999, Luly and Jacobson 2000; 
Harle eta/. 2002) and a description of the method is provided in Appendix 2. 
For further clarification of some of the radiocarbon dates for the core, another method was 
undertaken. This involved more rigorous pre-treatment of the samples before radiocarbon dating. 
This included an acid-base-wet oxidation (ABOX) chemical pretreatment procedure, instead of the 
conventional acid-base-acid (ABA) pre-treatment. This method eliminates all material except 
chemically-resistant charcoal (Turney et a/. 2001 b). The method was performed again by Dr 
Geraldine Jacobsen (ANSTO Environment) on samples of charcoal following the procedure outlined 
in Appendix 3. For a detailed description of the ABOX pre-treatment method see Bird and Grocke 
(1997) and Bird eta/. (1999). Applications of this technique include Turney eta/. (2001a, 2001b, 
2001c) (see also Section 3.4.2). 
Additionally, as a result of the experimentation with a number of different pre-treatment steps before 
AMS radiocarbon analysis, the results in this study will compare the effects of different pre-
treatments and material analysed for the accuracy of radiocarbon ages. In particular, the question of 
whether extra pre-treatment steps make a difference to the ages obtained will be examined. 
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Table 5.1a: Samples submitted for AMS radiocarbon dating- Core E12b. 
LABORATORY LABORATORY DEPTH SAMPLE eRE-TREATMENT STEPS 
CODE RANGE MATERIAL 
(m) 
ANSTO OZG350 0.20-0.24 Charcoal Standard AMS radiocarbon preparation 
ANSTO OZG777 0.36-0.40 Pollen Pollen isolated during extra pre-treatment 
steps before AMS radiocarbon dating 
ANSTO OZG352 0.36-0.40 Charcoal Standard AMS radiocarbon preparation 
ANSTO OZH233 0.52-0.56 Charcoal- ABOX pre-treatment steps before AMS 
ABOX radiocarbon dating 
Pre-treatment 
ANSTO OZG779 0.56-0.60 Pollen Pollen isolated during extra pre-treatment 
steps before AMS radiocarbon dating 
ANSTO OZG780 0.64-0.68 Pollen Pollen isolated during extra pre-treatment 
steps before AMS radiocarbon dating 
ANSTO OZH228 0.68-0.72 Charcoal- ABOX pre-treatment steps before AMS 
ABOX radiocarbon dating 
Pre-treatment 
ANSTO OZE082 0.72-0.76 Charcoal Standard AMS radiocarbon preparation 
ANSTO OZH230 0.72-0.76 Charcoal-ABO X ABOX pre-treatment steps before AMS 
Pre-treatment radiocarbon dating 
ANSTO OZG781 0.76-0.80 Pollen Pollen isolated during extra pre-treatment 
steps before AMS radiocarbon dating 
ANSTO OZE083 0.76-0.80 Charcoal Standard AMS radiocarbon preparation 
ANSTO OZH231 0.76-0.80 Charcoal-ABO X ABOX pre-treatment steps before AMS 
Pre-treatment radiocarbon dating 
ANSTO OZE084 0.80-0.84 Charcoal Standard AMS radiocarbon preparation 
ANSTO OZH232 0.80-0.84 Charcoal-ABO X ABOX pre-treatment steps before AMS 
Pre-treatment radiocarbon dating 
ANSTO OZH229 0.84-0.88 Charcoai-ABOX ABOX pre-treatment steps before AMS 
Pre-treatment radiocarbon dating 
ANSTO OZG351 1.00-1.04 Charcoal Standard AMS radiocarbon preparation 
WAIKATO WK8571 1.08-1.12 Charcoal Standard AMS radiocarbon preparation 
WAIKATO WK8574 1.12-1.16 Charcoal Standard AMS radiocarbon preparation 
WAIKATO WK7702 1.28-1.32 Charcoal Standard AMS radiocarbon preparation 
WAIKATO WK7703 1.80-1.84 Charcoal Standard AMS radiocarbon preparation 
WAIKATO WK7704 1.84-1.88 Charcoal Standard AMS radiocarbon preparation 
WAIKATO WK7705 1.88-1.92 Charcoal Standard AMS radiocarbon preparation 
1 For details of laboratory procedures performed on samples see Section 5.3.6. 
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Table 5.1 b: Samples submitted for AMS radiocarbon dating- Core E12c. 
LABORATORY LABORATORY DEPTH SAMPLE PRE-TREATMENT STEPS 
CODE (m) MATERIAL 
ANSTO OZG349 1.47 Charcoal Standard AMS radiocarbon preparation 
ANSTO OZG786 1.64 Pollen Pollen isolated during extra pre-treatment 
steps before AMS radiocarbon dating 
ANSTO OZG787 1.72 Pollen Pollen isolated during extra pre-treatment 
steps before AMS radiocarbon dating 
ANSTO OZG348 1.84 Charcoal Standard AMS radiocarbon preparation 
ANSTO OZG788 2.00 Pollen Pollen isolated during extra pre-treatment 
steps before AMS radiocarbon dating 
Table 5.1c: Samples submitted for AMS radiocarbon dating- Core F4c. 
LABORATORY LABORATORY DEPTH SAMPLE PRE-TREATMENT STEPS 
CODE RANGE MATERIAL 
(m) 
WAIKATO WK8572 0.80-0.84 Charcoal Standard AMS radiocarbon preparation 
ANSTO OZE080 2.24-2.28 Charcoal Standard AMS radiocarbon preparation 
ANSTO OZE081 2.56-2.60 Charcoal Standard AMS radiocarbon preparation 
---
1. For details of laboratory procedures perfonmed on samples see Section 5.3.6. 
N J Williams Chapter s· Methods 94 
The enwonmental reconstruction of the last glac1al cycle at Redhead Lagoon, eastern NSW 
5.3.6.3 Optically Stimulated Luminescence (OSL) dating 
The maximum age for radiocarbon dating (i.e. the lower limit of counting the activity of a sample) 
corresponds to approximately eight half-lives (about 45 ka), after which measurements become 
infinite (Lowe and Walker 1997). As such ages were obtained at less than 2 m depth in Core E12b 
(see Section 6.8.2) another method was required to place the basal part of the sequence within a 
chronological framework. 
The presence of a thick lens of quartzose dune sand within the basal sediments of site E12 meant 
that luminescence techniques provided a potentially suitable method of dating the sediments. 
Accordingly, basal samples from Cores E12b and E12c were dated using OSL techniques. 
Luminescence dating is a well established method for determining the time elapsed since quartz or 
feldspar grains were last subjected to heat or light. Lian and Huntley (2001) have provided an 
excellent overview of how the method works. The method is based on the principle that minerals 
contain structural defects, some of which can trap unbound (free) electrons. If a mineral is heated to 
a high enough temperature(- 400°C), or exposed to sufficient sunlight, some or all of these traps will 
be emptied of electrons. Under controlled conditions, a characteristic emission of light occurs, known 
as luminescence. The rate at which free electrons are produced, and traps are filled, is proportional 
to the concentration of radioactive elements in the minerals being dated, and in their surroundings. If 
the total absorbed radiation energy is divided by the rate at which this occurs, then the time elapsed 
since the minerals were last exposed to heat or sunlight can be calculated - which in most cases 
corresponds to the age of the sedimentary unit in which the sediment occurs. The radiation dose can 
be determined by measuring either the thermoluminescence (TL) or the optically stimulated 
luminescence (OSL). Optical dating has largely superseded TL dating for sediments, except where 
quartz grains have been buried for a relatively long time and can only be dated using TL. The 
fundamental difference between TL and OSL dating is that optical excitation is used instead of heat 
(Lian and Huntley 2001 ). OSL dating was used in this study, using a Single Aliquot Regenerative 
(SAR) protocol, similar to that proposed in Murray and Wintle (2000). 
One sample from Core E12c (6.93 to 7.15 m) was sent to Dr Uwe Reiser for analysis at the 
Luminescence Dating Laboratory, School of Earth Sciences, Victoria University of Wellington, New 
Zealand. Three samples (4.08 to 4.32 m, 4.72 to 4.96 m, 5.20 to 5.44 m) were sent for OSL analysis 
by Dr Phil Toms at the Geochronology Laboratories, University of Gloucestershire in Cheltenham, 
United Kingdom. A description of the samples sent for OSL analysis from Cores E12b and E12c is 
provided in Tables 5.2a-b. A detailed outline of the procedures used on these samples, together with 
additional background information and assumptions of the method are provided in Appendices 4 and 
5. 
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Table 5.2a: Samples submitted for OSL dating- Core E12b. 
LABORATORY' LABORATORY DEPTH SAMPLE PRE· TREATMENT 
CODE RANGE MATERIAL STEPS 
(m) 
University of GL02096 4.08-4.32 Sand (quartz grains) Single Aliquot 
Gloucestershire, UK Regenerative (SAR) 
Method 
University of GL02097 4.72-4.96 Sand (quartz grains) Single Aliquot 
Gloucestershire, UK Regenerative (SAR) 
Method 
University of GL02098 5.20-5.44 Sand (quartz grains) Single Aliquot 
Gloucestershire, UK Regenerative (SAR) 
Method 
1. Core E12b samples analysed by Dr Phil Toms at the Geochronology Laboratories, University of 
Gloucestershire, Cheltenham, United Kingdom. 
Table 5.2b: Samples submitted for OSL dating- Core E12c. 
LABORATORY LABORATORY DEPTH SAMPLE PRE-TREATMENT 
CODE RANGE MATERIAL STEPS 
(m) 
Victoria University of WLL264 6.93-7.15 Sand (quartz grains) Single Aliquot 
Wellington, New Zealand Regenerative (SAR) 
Method 
1. Core E12c sample analysed by Dr Uwe Reiser at the Luminescence Dating Laboratory, School of 
Earth Sciences, Victoria University of Wellington, Wellington, New Zealand. 
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5.3. 7 Pollen analysis 
5.3.7.1 Introduction 
If pollen is incorporated in an anaerobic environment, such as that of lakes, swamps and bogs, then 
it will be preserved and persist (Bennett and Willis 2001 ). Therefore, by extracting and identifying the 
pollen from sediment cores taken from such environments it is possible to reconstruct the 
composition of the local and regional vegetation through time. 
5.3.7.2 Pollen concentration procedure 
The pollen concentration procedure used in this study follows standard chemical pollen extraction 
methods used for Quaternary sediments in many studies of southeastern Australia (e.g. Hope 1974; 
Calhoun et at. 1982, 1999; Dodson et at. 1986; Harle 1997, 1998; Mooney and Dodson 2001) and is 
based on the methods outlined by Faegri and Iverson (1989). Briefly, this entails the concentration of 
pollen and spores in each sediment sample through a series of chemical and physical steps, 
including the elimination of organic and silicate material using standard methods of potassium 
hydroxide digestion, hydrofluoric acid treatment and acetolysis (Faegri and Iverson 1989). A detailed 
procedure is provided in Appendix 1. A tablet containing approximately 10,679 exotic marker spores 
(Lycopodium) was added to each sample prior to processing to enable the calculation of absolute 
abundances of taxa identified in the core. 
Sub-samples of between 0.5 and 1.0 g dry weight from Core E12b were processed at 0.04 m 
intervals between 0.00 and 1.20 m, 0.08 m intervals between 1.20 and 4.20 m and 0.16 m intervals 
between 4.20 and 5.80 m. The core logging results and dating work on Core E12b revealed a 
possible hiatus in the record (see Section 6.8.1.1), however the 'missing' section in E12b appears to 
be present in Core E12c. Therefore, samples from corresponding depths in Core E12c (1.47 to 
1. 75 m) were also processed for pollen counting using the above procedures, to enable a complete 
pollen record to be formed from a combination of the two cores. 
Twelve surface sediment samples, collected to enable comparison of the modern pollen spectra with 
the modern vegetation present in the catchment (see Section 5.2.4.3), were also processed using 
the standard pollen preparation techniques outline above. 
Additionally, 18 samples between 0.30 and 2.60 m from Core F4c (Franklin 1997) were processed 
using this method to obtain a more detailed and finer resolution record of pollen changes throughout 
the Holocene at this site. Unfortunately there was no material left from the original ( 1997) study 
above 0.30 m, therefore the pollen record for the uppermost section (about the last 100 years) could 
not be determined. 
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5.3.7.3 Pollen identification and counting 
Pollen identification 
Identification of pollen grains was made by comparison with images of reference pollen grains 
contained within a number of electronic databases and in journal articles and books (e.g. Moore et 
at. 1991; Boyd 1992; Chalson and Martin 1995; Pickett and Newsome 1997; Macphail and Hope 
2003). Of particular assistance were two Australian internet databases of reference grain collections. 
These were a collection of reference grains from the Hunter Valley published by the School of 
Environmental and Life Sciences at the University of Newcastle (Shimeld et a/. 2000; Hopf et a/. 
2001), and the Indo-Pacific Pollen Reference Database published by the Australian National 
University (http://pollen.anu.edu.au/pollensearch.phtml). The assistance of other palynologists (in 
particular Dr Kate Harle, and others such as Dr Helene Martine, Dr Scott Mooney and Dr Dan Penny) 
was also sought for further identification. 
Reference slides of some of the plants growing locally in the catchment, which were collected during 
the vegetation survey, were also made for help with identification (see Section 5.2.4.2). 
Pollen counting and calculation of pollen concentration 
Pollen counts may be expressed either as percentage values or by absolute counts. In this study, 
exotic marker grains (Lycopodium) were added to the samples at the start of pollen concentration 
processing to enable absolute counts of fossil pollen grains to be made. The justification for using 
the 'absolute count' method along with the percentage method is given in Section 2.3.2.4. 
Pollen counting was undertaken at ANSTO, using an Olympus BX50 transmitted light microscope, 
under 600x magnification. Pollen was counted along transects spaced at 2 mm intervals and 
recorded in a tally system spreadsheet, listing grain type versus depth. Digital images of selected 
pollen grains were captured using a Leica DC200 digital camera mounted on the microscope and 
recorded using Leica IM 1 000 software. 
A minimum count of 200 dryland pollen grains per sample was set as the target for each depth. 
However, this number was not always reachable due to low pollen concentration levels at some 
depths throughout the organic silt section of the core and poor pollen preservation in the sandy 
section of the core. 
The pollen count in each sample was determined by multiplying the number of pollen grains counted 
by the proportion of known marker pollen grains that were added (see Equation 7). The pollen count 
for each sample was then divided by the sample mass to calculate the pollen concentration per gram 
(see Equation 8). 
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Equation 7. 
Equation 8. 
5.3.8 Charcoal counting 
5.3.8.1 Introduction 
Total pollen count = L 1 x p 
(grains per sample) L2 
L1: total Lycopodium (marl<er spores) in tablet added to sample 
L2: Lycopdium (marker spores) counted 
p: total pollen grains counted 
Pollen concentration = PC 
(grains per gram) m 
PC: total pollen concentration per sample 
m: sample mass (g) 
The measurement of the presence of microscopic and macroscopic charcoal (carbonised particles) 
within sedimentary sequences can provide an indication of past fire activity (e.g. Patterson et a/. 
1987). This information may be of value in studies of the Aboriginal use of fire, changes to fire 
regimes since the arrival of European settlers and, in conjunction with palynology, in ecological 
studies such as the examination of fire and vegetation relationships. 
Traditionally, most pollen studies have investigated microscopic charcoal, but this may provide only a 
regional picture of fire history. Larger charcoal particles (greater than 50 ~m in length) will 
theoretically travel much shorter distances than microscopic charcoal and reflect the fire regime of 
the immediate catchment (Clark 1988a). Hence, macroscopic charcoal analysis provides a more 
local record of fire history, and is used in this study to complement the results obtained from 
microscopic charcoal analysis. 
5.3.8.2 Microscopic charcoal counting - the point count method 
In this study microscopic charcoal counts were made on the particles contained on the microscope 
slides prepared for pollen analysis (in Cores E12b, E12c and F4c) following the point count method 
first outlined by Clark (1982). The point count method (Clark 1982, 1983) is the most common 
method used in Australia to determine the amount of charcoal present in lake or swamp sediments. 
The method involves counting the charcoal particles that fall on a number of set points along a 
transect (usually along an eyepiece micrometer), within a field of view under a set magnification. In 
N J Williams Chapter 5: Methods 99 
The environmental reconstruction of the last glac1al cycle at Redhead Lagoon. eastern NSW 
this procedure the field of view is moved step by step along the transect by advancing the stage and 
recording the number of fields of view and charcoal falling on points (Clark 1982). 
In this study, particles that were black, opaque and have an irregular shape are counted as charcoal. 
An Olympus BX50 transmitted light microscope was used, set at 300x magnification. Each transect 
followed the eyepiece micrometer and consisted of a total of 11 points upon which charcoal could 
theoretically fall. A minimum target of 150 fields of view per sample was chosen. The total number of 
points applied was calculated by multiplying the number of fields of view by the number of points on 
the micrometer. Therefore, a minimum of 1,650 possible points was considered for each sample. 
A number of calculations were then made on the raw charcoal counts to ascertain charcoal 
concentrations. The area of charcoal was calculated in three steps using Equations 9 a-c (listed 
below), following the calculations outlined by Clark (1982). Charcoal concentrations were then 
divided by the pollen concentrations in order to take into account any changes in sedimentation 
rates. For instance, assuming that there is a constant influx of pollen, high pollen concentrations 
indicate low sedimentation rates, whereas low pollen concentrations imply high sedimentation rates. 
Therefore identification of periods with varied pollen concentrations allows identification of 'real' 
charcoal peaks, rather than peaks that are simply an artefact of increased sedimentation rates. 
Step 1: The probability (PJ of a charcoal particle falling on a random point was firstly 
calculated: 
Equation 9a. P=cln 
c: number of charcoal particles falling on points 
n: total number of points recorded 
Step 2: The area of charcoal (A c) on each slide (mm2) was then determined: 
Equation 9b. Ac =PxAp 
Ap: area of sample mounted on the slide (mm2) 
Step 3: The area of charcoal per unit mass (mm2 g"1) of the original sediment sample (A) was 
then calculated: 
Equation 9c. 
N J Wil11ams 
A =Acxv1 
v2xm 
v1: volume of the glycerol added to the sample 
v2: volume of pollen preparation on the slide 
m: mass of the original sediment sample {g) 
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5.3.8.3 Macroscopic charcoal counting - the 'Oregon sieving method' 
The method used for calculating the area of macroscopic charcoal isolated from the sediments of 
Redhead Lagoon is a slight modification of that first outlined by Mooney and Radford (2001) and 
expanded upon by Mooney and Black (2003). Both these methods are a modification of what 
Mooney and Black (2003) have referred to as the 'Oregon sieving method' (Millspaugh and Whitlock 
1995; Long et at. 1998). 
The method involves dispersing a sample of sediment of either known volume or mass (the latter 
was used in this study) and then washing it through a set of nested sieves. Charcoal of a particular 
size fraction (>105 ~m in this study) is then tallied and areas quantified using image analysis 
software. The results are expressed as both number of charcoal particles per gram, and area of 
charcoal (mm 2) per gram. A detailed description of the method is given in Appendix 6. Macroscopic 
charcoal counting was carried out on the same samples from Cores E12b and F4c upon which 
microscopic charcoal analysis was performed. 
5.3.8.4 Megascopic charcoal counting 
A number of larger particles of charcoal (>2 mm) were found during the core logging of Core E12b. 
These were classified for each depth, with the size of each piece and the frequency of occurrence 
recorded using a scale of 1-5 (representing rare to abundant). This has been termed 'megascopic 
charcoal' analysis in this thesis, in order to distinguish the results from the macroscopic charcoal 
analysis undertaken. 
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6.0 CHAPTER 6: Results 
6.1 Introduction 
This chapter presents the results of the various field and laboratory analyses undertaken on the lake 
sediments obtained from Redhead Lagoon. The main trends and patterns indicated by these 
analyses are outlined. Interpretation of these results is undertaken in Chapters 7-9. 
6.2 Reflection seismic profiling 
The graphic output of the reflection seismic profiling survey performed along a transect traversing 
the southern basin of the lagoon (between sites 012 and F12) and the schematic interpretation of 
this profile are presented in Figure 6.1. 
The interpretation of the seismic profile followed the procedures outlined in Meleo (1999). Any 
discontinuities and changes in contrast of the graphic output were examined and the boundaries 
between these were drawn. The water-sediment interface was firstly identified, shown by the initial 
set of relatively widely spaced horizontal lines. The next major discontinuity appears to be the 
boundary between the Holocene silts and the denser, underlying Pleistocene lake silts and sands. 
This boundary was 'ground truthed' with the dating results of the 5.80 m and 7.30 m long cores taken 
from site E12. Within the Pleistocene unit, however, the resolution of the survey did not appear to be 
able to distinguish between the silt and sand layers. 
The lowest discernible discontinuity appears to be the boundary between the Pleistocene sediments 
and bedrock. In his extensive reflection seismic profiling survey of Durras Lake on the southern 
NSW coast, Meleo (1999) noted that Pleistocene deposits were characterised by approximately 
horizontal and parallel lines on the graphic output, whereas the bedrock signal had a blurred 
appearance and usually dipped with respect to the horizontal. Using these criteria, the blurred and 
dipping line below the Pleistocene sediments has been interpreted as the bedrock boundary in this 
seismic profile. This boundary appears to reach a depth in excess of approximately 36 m, which is 
too deep to be confirmed using the coring equipment available for this study. Therefore, the bedrock 
boundary has been marked with a question mark in the schematic interpretation presented in Figure 
6.1. 
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Figure 6.1: Results of seismic survey and schematic interpretation along a 
northeast- southwest transect through site E12, Redhead Lagoon. 
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6.3 Modern vegetation survey 
The results of the vegetation survey of the catchment performed in this study are listed in Appendix 
7. These results have been added to those of the original survey performed by Baxter and McDonald 
(1984), and the combined results presented in Appendix 8. 
6.4 Core logging 
6.4. 1 Overview 
The stratigraphic log of the master core E12b is presented graphically in Figure 6.2. This records 
changes in colour, sedimentary structures, texture and organic content. A simplified version of the 
stratigraphic logs of cores E12b and E12c is presented in Figure 6.3, to enable comparison and 
correlation between the two cores. 
The logs revealed that the two cores showed similar downcore variations in physical properties. The 
depth of the major changes was not at exactly the same levels in each core, and the record 
preserved in E12b is more compact than that of E12c. The E12c record appears to be of higher 
resolution, and possibly contains an additional organic-rich unit at the top of the core. The 
stratigraphic record of Core E12b is discussed in more detail in Section 6.4.2, as this description 
applies generally to Core E12c also. However, any inconsistencies between the two core logs are 
also noted. 
6.4.2 The stratigraphy of Core E12b 
Core E12b consists of three primary lithological units. The basal unit (5.80 to 4.00 m) consists 
predominantly of medium sized quartz sand grains. Above this there is a sharp transition to a coarse 
silt unit (4.00 to 3.00 m), with only rare quartz grains and increasing fragments of charcoal and 
organic matter. The upper unit of this core (3.00 to 0.00 m) consists predominantly of plant organic 
rich silt, with more common fragments of charcoal and organic matter. Within these three distinct 
units, the core has been further classified into smaller units based on differences in various physical 
properties (Figure 6.3). The specific characteristics of each unit are now discussed in stratigraphic 
order. Note that all colours referred to in the discussion were determined on air-dry materials using 
Munsell Soil Color Charts. 
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6.4.2.1 Core E12b Unit 1- dune sand layer (5.80 to 4.00 m) 
The basal unit of Core E12b consists primarily of grey to dark grey (2.5¥ 6/1 to 2.5Y 4/1) medium-
sized quartz sand grains. Within this unit, there are occasional small gravels and occasional to 
common concretions/nodules of light-coloured clay-sized particles. Concretions and nodules can be 
defined as bodies of material contrasting with the soil matrix in colour, composition, hardness or 
internal organisation (Hodgson 1978). They are also classified as coherent bodies with sharp 
boundaries, which can be separated easily from the matrix. Though typically near spherical, nodules 
and concretions can be of almost any shape, many being quite irregular (Hodgson 1978). 
This unit contains rare to occasional fragments of charcoal and some plant stems in grow1h position 
appear within this unit. In addition, there is evidence of slight oxidation between 5.04 and 4.56 m. 
The presence of oxidation is indicative of periods of low lake levels. 
6.4.2.2 Core E12b Unit 2- coarse silt layer (4.00 to 3.00 m) 
There is a sharp transition from the basal sand unit within Core E12b to the second primary unit, 
which consists predominantly of very dark grey (2.5Y 3/1) coarse sill. Both quartz grains and clay 
concretions/nodules decrease sharply in frequency at the base of this unit. Plant stems, seeds and 
charcoal fragments become more common within this unit. There are also signs of post-coring 
shrinkage cracks within this unit, possibly indicative of the finer nature of the sediment of this unit. 
6.4.2.3 Core E12b Unit 3- organic rich silt layer (3.00 to 0.00 m) 
The upper unit of Core E12b consists predominantly of very dark grey to black (2.5Y 3/1 to 2.5Y 
2.5/1) plant organic rich silts. The laser particle size analysis of these sediments revealed that most 
of these consisted of fine to medium sized silts. Quartz grains and gravels become rare in this unit. 
Clay concretions/nodules cease within 0.50 m of the base of this unit, although smaller 'flecks' of 
clay are found occasionally throughout this unit. Post-coring shrinkage cracks increase in frequency 
upwards throughout the core, again perhaps indicating the finer nature of the sediment and the 
increasing moisture content of the core. Charcoal fragments are occasional to frequent throughout 
this unit. Plant stems and reeds are occasional to common from the base of this unit, apart from 1.20 
to 0.40 m, the only section of the core where there is no evidence of plant stems. The remains of 
plant stems are also in growth position from the base of this unit apart from 1.40 to 0.30 m. 
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6.5 Particle-size results 
The results of the particle-size analysis revealed that both the sand layer of Core E12b and the dune 
sand catchment samples consisted of predominantly medium-sized sand [using the Wentworth 
(1922) classification]. The core and catchment dune sand samples are all moderately-sorted, 
although most of the dune catchment samples fall closer to the well-sorted boundary (Table 6.1 ). 
There is some variation between the skewness of the core and catchment sand samples (Table 6.1 ). 
Most of the core samples are negatively (coarse)-skewed. The dune sand samples display more 
variation in their results. Samples SR8a, SR8b, SR9 and SR11a are all negatively (coarse)-skewed 
whereas samples SR10a and SR10b are positively (fine)-skewed. 
The particle-size statistics have been plotted in bivariate scattergrams in Figure 6.4a. When 
interpreting these, it is important to remember that each environment produces a range of 
sediments, which in some cases leads to considerable overlap of the particle-size distributions 
formed under different conditions (Briggs 1977a). Nonetheless, comparison of measures such as 
sorting versus skewness may reveal the depositional environment of the sands. For example, 
Friedman (1967) has used graphical measures to produce a scatterplot of these two parameters 
comparing beach and river sands. Despite some overlap, the two depositional environments occupy 
different areas of the graph. Whilst the spread of values for sorting and skewness indicates that the 
frequency distribution for river sands varies considerably, the spread of values for beach sands is 
much less variable. A comparison of the sorting and skewness values of the Redhead Lagoon data, 
transposed on Friedman's (1967) graph (Figure 6.4b), reveals that the samples here fall within the 
beach sand category. 
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Figure 6.4b: Scatterplot of skewness versus sorting for beach and river sands. 
Data from Redhead Lagoon core and catchment dune samples transposed onto beach and river 
sand data from Friedman (1967). 
It is possible to distinguish between marine, beach and dune sands using particle-size data. 
Therefore, selected results from the particle-size analysis (mean grain size versus sorting and 
skewness) have been plotted against other regional particle-size data from a study by Ly (1978), and 
are presented in Figure 6.4c. However, it is important to note that Ly used a program by Schlee and 
Webster (1965 cited in Ly 1978) to compute moment parameters for each sediment sample, and 
therefore there may be some differences in the data between the sites. as different calculations were 
used. 
Ly's study examined the particle-size distribution of sands taken from a number of different source 
environments within the Newcastle-Port Stephens area, including mobile transgressive dune, frontal 
ridge, beach and innner/outer nearshore marine environments. The differences in grain size between 
sands from these modern environments were applied to the older Quaternary deposits of the area in 
order to reconstruct their depositional environments. The mean grain size versus sorting results in 
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Figure 6.4c indicate that the core and catchment samples from Redhead Lagoon plot close to the 
•outer nearshore marine' samples from Ly's study. Ly (1978) has argued that the samples of modern 
nearshore marine sands examined in his study are similar to the pr:_esent day beach sands and 
probably represent the relict beach sand deposited on the continental shelf during a lower sea level 
stand. The mean grain size versus skewness results in Figure 6.4c display more variation and less 
correlation between the Redhead Lagoon and Ly's data for dune and beach sands. Whilst some of 
the catchment samples correlate with the 'mobile transgressive dune' samples in Ly's study, most of 
the Redhead Lagoon data do not accord with either the beach or mobile transgressive dune 
samples. 
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Figure 6.4c: Results of particle-size analysis (mean grain size versus 
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grain size data from Newcastle-Port Stephens samples. Source: Ly (1978). 
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6.6 Particle-shape results 
The particle-shape data from the basal sand unit samples and the- catchment sand reference 
samples {Table 6.1) have been plotted against each other in Figures 6.5 and 6.6. The particle 
shapes of all the samples are overwhelmingly subrounded to subangular (66 to 86%). 
90 
100 
0 
0~ Q:"-.; 
s ~ ~ 
.1.."1; 40 
$ ~ 
0 
10 
20 
30 
100 
90 
80 
70 
~ ~ ~ ~ ~ 
60 a" 
0 
~ 
"0 
~ 
~ # 
v: 
60 
~ v v \,- 50 'b~ 50 -f v v 40 ~-
"!/ 
70 30 
80 20 
10 
20 
30 
40 
50 
60 
70 80 90 
WELL ROUNDED TO ROUNDED(%) 
KEY 
I . Core E12b samples (4 04-5 68 m) Dudley Bluff dune sand samples 
10 
100 
Figure 6.5: Roundness of sand grains from Core E12b (4.04 to 5.68 m) 
and Dudley Bluff. 
N J Wrlhams Chapter 6· Results 
0 
113 
0:: 
UJ 
co 
~ 
:::::> 
z 
UJ 
....J 
a.. 
~ 
<( 
C/) 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
1 ~ 0 o0 o 
2 ~00 0 00 0 QO 0 0 
I 
3 ~0 0 
4 -looo o 
s ~Oo 
6 I o0 o 
7 -1 o '-Joo 
aa ---1 0 0 o 
8b-I QO 0 
9 I oo oo 
10a 1 ooo 
10b-l 0~ oo. 
11a -I 0 0 ° 
11b~ 000 
0 10 20 30 40 50 60 70 
PARTICLE SHAPE (0/o) 
KEY - ROUNDNESS 
rg Well rounded to rounded 
D Subrounded to subangular 
~ Angular to very angular 
.. 
80 90 100 
Figure 6.6: Roundness of sand grains from Core E12b (4.04 to 5.68 m) 
and Dudley Bluff. 
N J Williams 
. . 
Chapter 6· Results 
(/) 
<l> 
-c.. -
E E 
coco C/)<0 
.DLC) 
N I 
"r"""'l;t 
w~ 
Q)'V 
.._ .._ 
0 
0 
(/) 
Q) 
-c.. 
E 
co 
CJ) 
Q) 
c 
::J 
"'0 
tt:: 
::J 
-Cll 
>-Q) 
-
"'0 
::J 
0 
114 
The ,environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
6.7 Sand petrology and surface textures 
The petrological examination of the various samples revealed very -little variation in either the 
catchment or the core samples. All samples were predominantly composed of quartz, with a small 
percentage of shells and lithic fragments (<5%) (e.g. Figure 6.7 a) . 
To further elucidate the origin of the sands contained within the lake sediments of Redhead Lagoon, 
the surface textures of the quartz grains were also examined for any characteristic imprints. Krinsley 
and Doomkamp (1973) have identified a series of surface morphological features characteristic of 
particular environments. The underlying assumption is that a detrital quartz grain will have surface 
textures that are related to the processes that operated on it during transport and deposition 
(Krinsley and Doomkamp 1973) and as a result of weathering. An examination of the core and 
catchment samples revealed features such as iron banding and a distinct 'glassy' and 'frosty' lustre 
of many of the samples. These features are highlighted in some of the microscopic images of the 
core and catchment samples shown in Figures 6.7b-c. 
I Key indicatorsJ 
(1) Sand petrology 
- predominantly 
quartz 
(b) Surface texture 
- iron banding 
(c) Surface texture 
- frosty'f glassy' 
lustre 
I Sample depth (m) I 
5.36- 5 . .W m 
4.56-4.60 m 
4.16-4.20 m 
Figure 6.7: Microscopic images of sand grains obtained from three samples from 
the sand unit of Core E12b, indicating petrology and surface textures. 
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6.8 Determination of chronology: dating methods 
6.8.1 AMS radiocarbon ages 
The radiocarbon ages obtained for Cores E12b, E12c and F4c are listed in Tables 6.2a-c. 
Radiocarbon ages are expressed in radiocarbon years before present (BP), where present is taken 
as 1950 AD (Smart 1991). The ages have been calibrated where possible (expressed as calibrated 
years BP), with uncertainties expressed to two standard deviations (95% probability). To avoid 
confusion and because much of the period with which this study is concerned predates available 
calibration models, radiocarbon ages in this thesis are expressed in uncalibrated 14C years before 
present (BP) unless stated otherwise. A more detailed discussion of these results and a possible 
chronological framework for these cores is reserved for Section 7.2. 
Table 6.2a: AMS radiocarbon ages of Core E12b. 
LABORATORY I DEPTH SAMPLE 3 101C MODERN CONVENTIONAL CALIBRATED 
CODE RANGE MATERIAL (%.) CARBON "cage (BP) AGE 
(m) (%) (calibrated 
(A=ANSTO; I 1o BP# 1o years BP)-
error error 
Charcoal -25.0" 41.42 I 0.22 7,080 
(A} 
OZG780 (A} 
OZE082 (A} 
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Table 6.2b: AMS radiocarbon ages of Core E12c. 
LABORATORY DEPTH SAMPLE a "c MODERN CONVENTIONAL CALIBRATED 
CODE RANGE MATERIAL (%.) CARBON 14C age (BP) AGE 
(m) (%) (calibrated 
(A=ANSTO; 1a BP# 1a years BP)** 
W=WAIKATO) error error 
OZG349 (A) 1.47 Charcoal -25.0* 31.47 0.17 9,290 50 10,401 - 10,559 
(1 0,358 - 10,5821 
OZG786 (A) 1.64 Pollen -25.0* 27.37 0.53 10,410 160 12,078-12,637 
(11,688-12,884) 
OZG787 (A) 1.72 Pollen -25.5 11.65 0.14 17,270 100 1-0,214-20,891
61 19,887-21238 
OZG348 (A) 1.84 Charcoal -25.0* 8.57 0.10 19,740 100 23,036- 23,748 
(22,757- 23,999) 
OZG788 (A) 2.00 Pollen -31.3 5.20 0.09 23,750 140 
Table 6.2c: AMS radiocarbon ages of Core F4c. 
LABORATORY DEPTH SAMPLE a ··c MODERN CONVENTIONAL CALIBRATED 
CODE RANGE MATERIAL (%.) CARBON 14C age (BP) AGE 
(m) (%) (calibrated 
(A=ANSTO; 1a BP# 1a years BP)-
W=WAIKATO) error error 
WK8572 (yV) 0.82 charcoal -27.6 66.4 0.5 3,290 60 3,460- 3,586 
(3,382 - 3 6391 
OZE080 (A) 2.26 charcoal -25.0* 48.44 0.31 5,820 60 6,546-6,674 
(6 473- 6 753) 
OZE081 (A) 2.58 charcoal -25.0* 44.24 0.31 6,550 60 7,421 - 7,507 
(7 410-7,5141 
• These values of o 13 C are assumed. 
# Radiocarbon years BP = radiocarbon years before 1950. 
•• Calibrated ages were calculated using the program CAL/8 REV4.4.2 (Stuiver and Reimer 1993 & copyright 
1986-2004) and the Calibration dataset 'intcal98.14c' (Stuiveret al. 1998a). Calibrated ages represent the age 
range in calendar years before 1950 AD, at a probability of 68% (1 standard deviation). Values in parentheses 
represent the age range in calendar years before 1950 AD, at a probability of 95% (2 standard deviations). 
Note: 
1. The ANSTO (Lawson eta/. 2000; Fink et at. 2004) determinations have been rounded according to the 
procedure of Stuiver and Polach (1977). 
2. For some samples, the relatively large error is due to the small sample size. 
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6.8.1.1 Core E12b 
A total of 25 AMS radiocarbon ages, using a variety of pre-treatment .steps, has been obtained 
between 1.92 and 0.20 min Core E12b (Table 6.2a). The ages ranged from 40,200 ± 1,450 to 7,080 
± 50 BP. Those ages under c. 20,000 years ago have been calibrated using the Radiocarbon 
Calibration Program CALIB REV4.4.2, and are assigned age ranges within the 95% probability range 
in years before present (BP). 
AMS radiocarbon dating revealed a hiatus in the record of Core E12b spanning MIS 2, a period that 
spans the height of the last glacial period (see Section 7.2 for further discussion). However, this 
section appears to be recorded in Core E12c. Therefore, more analyses than initially anticipated 
were undertaken on sections of Core E12c, in order to 'complete' the record of E12b and for further 
correlation of the two cores. These included sedimentological and palynological analyses. 
6.8.1.2 Core E12c 
A total of five radiocarbon ages was obtained from between 2.00 and 1.47 m in Core E12c (Table 
6.2b). All ages were in stratigraphic order and ranged from 23,750 ± 140 to 9,290 ± 50 BP, which 
includes the period of the last glacial maximum. 
6.8.1.3 Core F4c 
A total of three radiocarbon ages was obtained from between 2.58 and 0.82 m in Core F4c (Table 
6.2c). The ages revealed that the record extended from the mid-Holocene (6,550 ± 60 BP) to the 
present. 
The chronology of the European period (post c. 1860 AD) in the upper 0. 76 m of the core has been 
determined by a variety of methods, including: caesium-137; geochemical markers of industrial 
activity; and the appearance of exotic pollen grains. For a detailed discussion of the chronology of 
the European period in this core see Franklin (1997) and Franklin eta/. (2003). 
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6.8.2 Optically Stimulated Luminescence (OSL) ages 
Three OSL ages were obtained from the basal sand unit in Core E12b an.d one from the basal sands 
in Core E12c. These were presented in Franklin (2003) and in Tables 6.3a-b. 
The OSL analyses revealed that the basal sand units of both cores were of similar age. The mean of 
the four OSL ages is 75 ka. The ages were obtained from different cores and at different 
laboratories, increasing confidence in this interpretation. The three ages from Core E12b also 
revealed that there is little difference in age (within error limits) between the start and end of 
deposition of the sand unit, indicating rapid and substantial deposition of the sand layer at this site. 
Table 6.3a: Optically stimulated luminescence ages of Core E12b. 
LABORATORY' DEPTH SAMPLE TOTAL EQUIVALENT LUMINESCENCE 
CODE RANGE MATERIAL DOSE RATE DOSE AGE (ka) 
(m) (Gy/ka) De (Gy) 
GL02096 4.08· Sand (quartz grains) 0.88 ± 0.05 61.7 ± 2.6 70 ±5 
4.32 
GL02097 4.72- Sand (quartz grains) 0.75 ±0.04 57.5 ± 2.4 76 ±5 
4.96 
GL02098 5.20- Sand (quartz grains) 0.87 ± 0.05 66.0 ± 3.5 75± 6 
5.44 
• Core E12b samples analysed by Dr Phil Toms at the Geochronology Laboratories, University of 
Gloucestershire, Cheltenham, United Kingdom. 
Table 6.3b: Optically stimulated luminescence ages of Core E12c. 
LABORATORY' DEPTH SAMPLE TOTAL EQUIVALENT LUMINESCENCE 
CODE RANGE MATERIAL DOSE RATE DOSE AGE (ka) 
(m) (Gy/ka) De (Gy) 
WLL264 6.93-7.15 Sand (quartz grains) 0.70 ± 0.04 55.1 ± 1.1 79 ±5 
• Core E12c sample analysed by Dr Uwe Reiser at the Luminescence Dating Laboratory, School of Earth 
Sciences, Victoria University of Wellington, Wellington, New Zealand. 
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6.9 Moisture and organic content, bulk and mineral bulk density 
results 
The downcore variations in moisture content, organic content, bulk density and mineral bulk density 
in Core E12b and Core E12c are presented in Figures 6.8 and 6.9 and Appendices 9 and 10. Only 
the trends for Core E12b are discussed, as both cores show the same general patterns for these 
four measures. 
Loss on ignition and moisture content are both low throughout the basal sand unit (5.80 to 4.00 m), 
and increase to fairly constant levels throughout the middle part of the sequence until around 0. 76 m. 
Between 0.76 and 0.52 m, there is a slight decline in both moisture content and loss on ignition 
values. Above 0.52 m, both measures rise rapidly to attain their highest values in the upper unit of 
the core. 
Bulk density and mineral bulk density values reach their highest levels, in excess of 1,000 kg m·3, in 
the basal sand unit of the core (5.80 to 4.00 m). Above this depth, rates decline to fairly constant 
values between about 250 and 500 kg m·3 until around 0.80 m. There appears to be two minor peaks 
in mineral bulk density levels above this depth, between 0.80 and 0.48 m. However, above this depth 
mineral bulk density levels drop dramatically. There are consistently low levels (<120 kg m"3) for the 
uppermost section of the core (0.32 to 0.00 m). 
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6.10 Sediment accumulation rates 
Estimates of sediment influx rates are likely to be inaccurate unless ·the effects of sediment 
compaction and the influence of sediment organic content are taken into account. Unfortunately, the 
method of coring used in this study does not allow the accurate measurement of variation in rates of 
compaction within each core. An assumption of linear compaction was made for the purposes of 
sampling (see Section 5.3.1.2), but this is not necessarily a true indication of how compaction varied 
along the length of the core. Therefore, to avoid potential errors resulting from the assumption of 
linear compaction, rates of sedimentation are expressed as a function of mass rather than depth in 
this study. This procedure follows the rationale of Gale eta/. (1995) and Haworth eta/. (1999). 
Accordingly, the mineral bulk density values (see Section 6.9) were used to calculate long-term 
sedimentation rates at this site. Mineral bulk densities were divided by the ages obtained by both 
radiocarbon and OSL analyses to attain minerogenic sedimentation rates for specific periods. Site-
specific sediment accumulation rates for Cores E12b, E12c and F4c are presented in Figures 
6.1 Oa-b, and the raw data are given in Appendix 11. 
Figure 6.10a shows sediment accumulation rates over the past 75,000 years (the mean age of the 
four OSL ages obtained for Cores E12b and E12c). Since the four OSL ages obtained from the basal 
sand unit in Cores E12b and E12c were statistically the same, it was not possible to use them to 
determine a rate of sedimentation for this unit. Nevertheless, the evidence suggests that the sands 
accumulated over a very short period of time. Above the sand unit, sediment accumulation rates are 
low and fairly constant (<0.05 kg m"2a.1) until the arrival of European settlers at the site. 
Figure 6.10b shows the sediment accumulation rates since European settlement (c. 1860). There 
was a dramatic increase in sediment accumulation rates after about 1860 at the site, with values in 
excess of 0.80 kg m·2a"1, equivalent to over 60 times those of the preceding period (see also Franklin 
eta/. 2003) between c. 1860 and 1897 AD. Sediment accumulation values have declined in a step-
wise fashion since the early period of European settlement. However, the values recorded for the 
European period are all higher than at any other period throughout the last 75,000 years. 
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6.11 Volume-specific magnetic susceptibility 
The results of the measurements of the downcore variations in volume-specific low-field magnetic 
susceptibility of Core E12b and Core E12c are presented in Figures 5.9 and 6.11, and Appendix 12. 
Figure 6.11 indicates that there is a number of peaks and troughs in the magnetic susceptibility 
record of both Cores E12b and E12c. Core E12c was primarily taken for use in luminescence dating, 
so the volume magnetic susceptibility analysis was performed to judge the extent of the correlation 
between the two cores. 
In stratigraphic order, both cores exhibit fairly high levels of magnetic susceptibility for the basal unit 
(5.80 to 4.00 m in Core E12b and 7.30 to 5.00 m in Core E12c). The core logging results indicated 
that these units consisted predominantly of medium sand-sized quartz grains, with some fine gravels 
dispersed throughout the unit (Section 6.4.2.1 ). 
Above the basal sands there is a similar pattern evident in both cores, until around 3.50 m. Above 
this depth the patterns are hard to correlate. This interpretation is supported by the 14C results (see 
Section 7.2). The sequence characterised by negative susceptibility values between 1.30 m and 
0.20 m in Core E12c appears to have been compacted in Core E12b and is there found around 0.20 
m. However, the downcore variations in moisture content, loss-on-ignition, bulk density and mineral 
bulk density properties show the same general pattern for each of these cores and alternatively 
provide a means for core correlation (Figures 6.8 and 6.9). 
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6.12 Mass-specific magnetic susceptibility 
The results of the measurements of mass-specific and frequency-dependent magnetic susceptibility 
of Core E12b are presented in Figure 6.12a and Appendix 13. 
Figure 6.12a highlights variations in mass-specific magnetic susceptibility, indicating a number of 
distinct peaks and troughs. In general, magnetic susceptibility values throughout the whole of Core 
E12b are low and do not exceed 3 x 10-a m3kg"1. Values are fairly constant (around 0.80 to 1.50 x 
10-a m3kg-1) for the basal sand unit. There is a slight increase in the middle part of the sequence to 
constant values around 2.00-2.60 x 10·• m3kg"1, until 0.96 m depth. Between 0.96 m and 0.36 m, 
magnetic susceptibility values fluctuate around 1.00-2.00 x 10·• m3kg"1. Above this depth, magnetic 
susceptibility declines to negative values, their lowest levels in the core, apart from a slight rise for 
the very top sample. 
There are several peaks in frequency-dependent magnetic susceptibility throughout Core E12b 
(Figure 6.12a). These generally indicate ultra fine ferrimagnetic grains (<0.03 ~m) (Gale and Hoare 
1991). In general, frequency-dependent magnetic susceptibility values show substantial fluctuations 
throughout Core E 12b. Values fluctuate between approximately 5 and 1 0 % for the basal sand unit of 
the core. There is an overall decrease in frequency-dependent magnetic susceptibility values 
throughout the middle part of the sequence, to less than 7%, until around 1.60 m. There is a sharp 
increase in values between 1.60 and 1.00 m, to greater than 10%, with two sharp peaks at the very 
start and end of this unit. Above 1.00 m frequency-dependent magnetic susceptibility values fluctuate 
dramatically throughout this upper unit, from 0 to almost 20% at around 0.32 m. It should be noted 
that Dearing (1999) has argued that values of Xro greater than 12 to 14% are rare. Using a dataset of 
over 4000 natural samples, only seven samples had X•• values >12% (see Dearing eta/. 1996a, 
1996b). Dearing suggested that the most common reason for obtaining very high values is when 
measurements are made on weak samples; large differences between the two measurements give 
high X•• readings, but are not real. As the magnetic measurements on the samples obtained from 
Redhead Lagoon are in general very low and weak, the frequency-dependent susceptibility values 
should be interpreted with caution. Additionally, following Dearing's arguments, the values greater 
than about 15% should probably be interpreted as incorrect. 
The mass-specific magnetic susceptibility values for Core E12b were plotted against loss-on-ignition 
values (Figure 6.12b). This was undertaken in order to test whether magnetic susceptibility varies as 
a function of LOI, since increases in plant organic content may dilute the concentration of magnetic 
minerals in a material. Figure 6.12b shows that Core E12b can be divided into two distinct groups-
samples within the basal sand unit (5.80 to 4.00 m) and samples within the organic-rich silt layer 
(4.00 to 0.00 m). In general, the samples within the organic-rich silt layer show evidence of dilution of 
magnetic susceptibility by increasing incidence of LOI. These samples also indicate that the higher 
magnetic susceptibility values generally correlate with higher bulk density values. Conversely, the 
samples within the basal sand unit show no clear relationship between magnetic susceptibility and 
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LOI. Therefore, variations in susceptibility must be a function of some other factor (e.g. change in 
mineralogy, particle size) . 
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6.13 Pollen analysis 
6.13.1 Pollen identification 
In total over 80 different taxa were identified within the fossil pollen record and surface samples from 
Redhead Lagoon. A list of these taxa and examples (images) of pollen grains are given in Appendix 
14. Identification was possible to family level for most taxa, genus level less frequently and species 
level only occasionally. The taxa identified were classified into the following broad vegetation 
categories: rainforest trees and tree ferns; other trees; small trees and shrubs; woody/herbaceous 
taxa; herbaceous taxa; ground ferns; aquatics and sedges; and exotics and unknowns. 
One family of plants in particular, Myrtaceae, posed great difficulties for identification to genus and 
species level. This was principally due to the similar morphology of many of the genera and species 
within this family, but was exacerbated by the abundance of different types of this family found within 
the pollen spectra of the cores obtained from Redhead Lagoon. Therefore, time was spent 
examining published material on the morphology of this family and consulting palynologist Dr Helene 
Martin (University of New South Wales) in order to devise a suitable classification scheme. This 
process resulted in the development of a key specifically for this family at the site. This is presented 
in Appendix 15. Nine distinct types of Myrtaceae were identified at this site (in the rainforest, other 
trees, and small trees and shrubs categories) following the classifications of Pike (1956) and 
Chalson and Martin (1995) in particular. These included Acmena, Angophora!Bioodwood eucalypts, 
Baeckea, Callistemon, Ca/ytrix, Eucalyptus, Euca/yptus/Melaleuca type, Leptospermum and 
Melaleuca. 
Rainforest trees and tree ferns 
This pollen group includes Cunoniaceae, Elaeocarpaceae and a member of the Myrtaceae family, 
Acmena, along with the tree fern Cyathea. In addition, in Core E12b, there were sporadic 
occurrences of Nothofagus moorei. This species is not found locally today, with the closest modern 
location being Barrington Tops, located over 100 km to the northwest. Nothofagus is regarded as an 
ancient genus. Nothofagus moorei is one of the most geographically isolated species of the genus, 
as it occurs only disjunctly on mountain, plateau and escarpment positions in eastern Australia 
between Barrington Tops and the Lamington Plateau of southeast Queensland (Bale and Williams 
1994). 
Other trees 
This pollen group includes members of the Casuarinaceae, Cupressaceae, Myrsinaceae and 
Myrtaceae families. 
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Three class sizes of Casuarinaceae were distinguished, based on the diameters of the individual 
grains (>28 IJm, 23-28 IJm, <23 1Jm). This classification was based on the rationale of Kershaw 
(1970) and Dodson (1975, 1977b). Only two species of Casuarinaceae.. presently occur within the 
catchment area of Redhead Lagoon, Allocasuarina littoralis and Allocasuarina torulosa. 
Allocasuarina littoralis pollen grains generally have large equatorial diameters and are thus most 
likely to be represented in the >28 1-1m size class. Allocasuarina torulosa pollen grains may be 
contained in either the >28 1Jm or the 23-28 IJm size classes. 
Within the Myrtaceae family, Angophora/Bioodwood eucalypts, Eucalyptus, Eucalyptus/Melaleuca 
type and Melaleuca taxa were identified as part of the other trees vegetation group. In addition, 
Eucalyptus was separated into four different types (Eucalyptus types 1 to 4), although these have not 
been identified to species level. Melaleuca quinquenervia was also distinguished from other 
Melaleucas and a category of 'degraded Myrtaceae' was identified. 
Small trees and shrubs 
This group includes members of the Araliaceae, Cunoniaceae, Epacridaceae, Fabaceae, 
Gyrostemonaceae, Malvaceae, Mimosaceae, Myoporaceae, Myrtaceae, Podocarpaceae, 
Proteaceae, Rhamnaceae, Rubiaceae, Rutaceae and Sapindaceae families. Within the Myrtaceae 
family, Baeckea, Callistemon, Calytrix and Leptospermum taxa were identified as part of the small 
trees and shrubs group. 
Woody/herbaceous taxa 
This group includes families that contain species with both woody and herbaceous habits (classified 
as woody/herbaceous taxa). The woody/herbaceous taxa identified at this site include members of 
the Asteraceae, Caryophyllaceae, Chenopodiaceae, Goodeniaceae and Xanthorrhoeaceae families. 
Within the Asteraceae family, two distinct morphologies were distinguished, echinate tricolporate 
types that form the tribe Tubuliflorae and fenestrate types that are incorporated within the Liguliflorae 
tribe. The Tubuliflorae types were further subdivided into 'type A' and 'type B' categories. Asteraceae 
type A resembles the standard fossil pollen reference type (echinate and tricolporate), whereas type 
B represents a distinct 'blunted/spineless' pollen morphology type (Macphail and Martin 1991). 
Asteraceae type B is common in many Australian Pleistocene assemblages and has been 
interpreted as an indicator of glacial conditions (Edney eta/. 1990; Kershaw eta/. 1991a; Harle 
1998). It resembles the pollen of the Northern Hemisphere genus Ambrosia, but the parent plant 
source has not been positively determined (Macphail and Martin 1991) and there are problems on 
ecological and distributional grounds in relating the two likely contenders, Calomeria amaranthoides 
and Cassinia arcuate, to fossil occurrences (Macphail and Martin 1991; Kershaw eta/. 1994b). 
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Herbaceous taxa and ground ferns 
The herbaceous taxa identified at this site include members of the Aizoaceae, Amaranthaceae, 
Apiaceae, Brassicaceae, Euphorbiaceae, Liliaceae, Plantaginaceae, .Poaceae, Polygonaceae, 
Ranunculaceae, Rosaceae, Thymelaeaceae and Urticaceae families. Ground ferns found include 
members of the Dicksoniaceae and Selaginellaceae families. Two distinct types of fern spores 
(trilete and monolete psilate) were also recognised. 
Aquatic and sedge taxa 
The pollen of aquatic and sedge taxa identified at this site include members of the Brassicaceae, 
Cyperaceae, Haloragaceae, Juncaginaceae, Menyanthaceae (Villarsia), Restionaceae and 
Typhaceae families. It should be noted that pollen interpreted as belonging to the genus Triglochin 
may alternatively be assigned to the genus Potamogeton: the pollen of the two taxa are difficult to 
distinguish (e.g. Kodela 1996). 
Exotics and unknowns 
Three distinct 'exotic' taxa were identified amongst the samples taken from Redhead Lagoon. These 
include a large (>50 ~m) Poaceae type, Pinus and Plantago lanceolata. These grains are all quite 
distinctive and indicate that the sediments within which these grains were found were most probably 
deposited after European settlement. 
Additionally, a number of unknown or indistinguishable pollen types were identified. Failure to identify 
these grains may have been the result of poor preservation, folding or crumpling, or because the 
grains were obscured by other material. These have been grouped together in a single category. 
6.13.2 Surface sample pollen spectra 
The results of the pollen analyses of the twelve samples of surface sediments taken to ascertain the 
representativeness of the modern pollen at Redhead Lagoon are presented in Figures 6.13 and 
6.14a-b, with percentage and absolute pollen counts listed in Appendices 16 and 17. 
The percentage of the major vegetation categories for each sample have been plotted by location as 
pie diagrams on a map of the catchment (Figure 6.13). This figure indicates that the modern pollen 
rain consists overwhelmingly (>60% at 11 out of the 12 sampling sites) of taxa falling into the 'other 
trees' category. The next greatest proportion by vegetation type are the herbaceous taxa. The 
modern pollen rain of sampling location 1, which is closest to the largest area of cleared land in the 
catchment, was the only sample to be dominated by the fallout of herbaceous taxa. 
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The pollen incidence for the individual taxa identified in these surface sediments are presented in the 
pollen diagrams given in Figures 6.14a-b. A comparison of the modern pollen rain with the modern 
species list of the region to determine which vegetation types are .. either over-, well- or under-
represented in the pollen spectra is provided in Section 8.2. 
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Figure 6.13: Modern pollen rain: pollen incidence for each sampling site. 
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Figure 6.14a: Modern surface samples: percentage pollen incidence for each sampling site. 
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Figure 6.14b (continued): Modern surface samples: absolute pollen incidence for each sampling site. 
(Exotics, rainforest, other trees, small trees and shrubs). 
4 
~ 
ro 
ro 
~ 
< 
a 
~ 
3 
ro 
~ 
i[ 
" 8 
~ 
[', 
c 
$l 
i5 
~ 
8. 
~ 
ro 
" !!'. 
"' 
" n ~ 
n 
~ 
0 
" ;>( 
iii 
a. 
~ 
ro 
"' a. 
r 
"' 
"' 0 0 
~ 
ro 
"' !! . 
~ 
~ 
z 
~ 
z 
~ 
~ 
;r 
3 
w 
() 
~ {!I 
~ 
"' . ;;u li 6 
" go VI ::
s. E 7 
Ui ~ 
" 
, 
' 
" 
-!:: 
f V\.loody and herbaceous Heros-----------, Ground fems 
~ I I 
t r I § 
'If .~ ~I .,~ I I I" ~ f 
f{J ::~. ;f ~~~~. ~~~ ~ 
l t IJ J J I . 'I .. I /l ! ~ ~ 
"'I! • ~ " • tJ I I • .J hJIJI//l, / G /4 I Ill! ~ llll .IE'~.IE'<N>~ 
-r-r- -r-
.. 
r- r- - - ~ - -
- - - -
- - r-
.r- 1- - - 1-- - 1-- r- r- f- - -
- - -
"'" 
- -
--
--
- - -
r- -- f-
-
r- - - r- 1-- -
-
- -
I 
I 
.f I ~ .-!'} , I 
• il I II l' ~~ t! -§~"-~ ~ ~ 1 I t I I 
" " ~ (j q; .~ 
- - r-
- r-
-
--
-
-
-
-
.,.., ~n • ..,. " ,_,__.,.,t-r;., ;rr.~ f,n;:,. • • • ~ 11, 0()- t2 )O(lfl0()~~20 ~ 
Aquatics and sedges-----, 1 I ¥ 
/ ;f! li' t ~ 
. l I I I 
§; I ' I 11 ~ >!! l ·~ t • I tf / / I ~~ l! ... $ llll ll 
~ ,'£20() 
(g-') (g'') (g"') (g'') (g-') (g-') (g-') (g-'J (g-') (g-') (g-') (g-') (g-') (g-') (g-') (g-') (g-'J (g-') (g-') (g-') (g-'J (g-') (g-') (g-') (g-') (g-'J (g•'J (g•'J (g-'J (X1000) (X1000) 
Figure 6.14b (continued): Modern surface samples: absolute pollen incidence for each sampling site 
(woody and herbaceous taxa, herbs, ground ferns, aquatics and sedges). 
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6.13.3 Fossil pollen spectra 
The results of the pollen analysis of cores E12b, E12c and F4c were entered into Excel 
spreadsheets. The raw counts are presented in Appendices 18 to 23. 
The aim was to count a minimum of 200 dryland pollen grains in each sample. However, this 
minimum was not always achieved due to low pollen concentrations at some depths in the organic 
silt section of the core and poor pollen preservation in the sandy section of the core. Additionally, a 
lower level of identification was achieved for pollen contained within the basal sand unit, due to the 
poor pollen preservation in this section of the core. 
The complete pollen diagrams for Cores E12b, E12c and F4c, generated using TILIAGRAPH 
(Grimm 1991}, are presented in Figures 6.15 to 6.17. The pollen data are displayed as both 
percentages of the pollen sum (see section below for the list of taxa included in the pollen sum) and 
as absolute values of individual pollen taxa. It is important to note that the relative abundance 
(percentage value) of a particular pollen type is influenced by the abundance of other pollen types, 
i.e. individual pollen taxa do not act independently of each other. On the other hand, when 
interpreting the absolute values diagram it is important to keep in mind that different plant species 
produce vastly different quantities of pollen and that their representation will be affected by changes 
in sedimentation rates. Each method, therefore, has its own limitations. 
For the pollen diagrams, individual pollen taxa have been combined into eight groups (exotic taxa, 
rainforest and tree ferns taxa, other trees taxa, small trees and shrubs taxa, woody and herbaceous 
taxa, herbaceous taxa, ground ferns taxa, aquatic and sedges taxa). Within each group the 
individual taxa are displayed in alphabetical family order. The AMS radiocarbon ages are expressed 
in radiocarbon years before present (BP) and the OSL ages are expressed as years ago. 
The pollen sum 
This study aims to reconstruct changes in regional vegetation patterns rather than local vegetation 
changes, to allow comparisons to be made with other regional studies in Australia. Accordingly, the 
pollen sum used in this study consists of pollen taxa known to have a wide regional dispersal. 
Several studies provide information on those pollen types that experience regional dispersion (e.g. 
Hope 1974; Dodson 1977a, 1983; Macphail 1979; Kodela 1990a, 1990b, 1996; Kershaw et a/. 
1994a). From the analysis of these references, the pollen sum used in this study is confined to all 
dryland taxa with the exception of taxa that are known to have poor regional dispersal such as 
Melaleuca, Acacia, Leptospermum, Chenopodiaceae and ground ferns. The percentage pollen 
diagrams for all cores and surface samples were constructed using the same pollen sum. 
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Zonation of the pollen diagrams 
To enable interpretation of the pollen diagrams, a statistical cluster analysis program - CONstrained 
Incremental Sum-of-Squares (CON ISS) -within the palynological program TILIA was used to identify 
distinct zones of pollen assemblages (Grimm 1987). CONISS produces a dendrogram on which 
different degrees of dissimilarity between clusters of samples appear on different branches (Evans 
and O'Connor 1999). CON ISS constrains the sample depths stratigraphically, facilitating the selection 
of phases of change through a sequence (Cupper and Ward 2000). CONISS therefore allows the 
statistical creation of zones within the diagram and allows a much more objective approach to 
splitting the samples into statistically similar groups. The zonation was performed only on the pollen 
taxa used in the pollen sum selected for this study. 
An outline of the main trends seen in each of the pollen diagrams for Cores E12b, E12c and F4c is 
given below. The interpretation and further discussion of these results will be provided in the 
palaeoenvironmental reconstruction in Chapter 8 (Section 8.3). 
6.13.3.1 Core E12b 
CONISS enabled the identification of six distinct pollen assemblage zones within the fossil pollen 
spectra of Core E12b. In chronological order, these have been labelled RH6-RH1. Zones RH6 (5.80 
to 5.28 m) and RH5 (5.80 to 4.00 m) lie within the basal sand unit, zones RH4 (4.00 to 2.00 m) and 
RH3 (2.00 to 0.84 m) span the middle section of the core sequence, zone RH2 covers the short 
section of the core (0.84 to 0.60 m) before the uppermost zone RH1 (0.60 to 0.00 m). The changing 
proportions of the major pollen categories for the main core of this thesis (Core E12b) are presented 
in Figure 6. 15a. The full percentage and absolute pollen diagrams are presented in Figures 6.15tH:, 
respectively. Each zone is now described separately. 
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Figure 6.15a: Core E12b: chronology, lithology and summary percentage pollen. 
Note: lithology key is provided in Figure 6.2. 
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Figure 6.15c (continued): Core E12b: absolute pollen diagram . 
(exotics, rainforest and tree ferns). 
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Figure 6.15c (continued): Core E12b: absolute pollen diagram. 
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Figure 6.15c (continued): Core E12b: absolute pollen diagram. 
(small trees and shrubs). 
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Figure 6.15c (continued): Core E12b: absolute pollen diagram . 
(small trees and shrubs continued) . 
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Figure 6.15c (continued): Core E12b: absolute pollen diagram . 
(woody and herbaceous taxa) . 
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Zone RH6 (5.80 to 5.28 m) 
This pollen assemblage zone occurs within the basal sand unit of Core E12b and is characterised by 
extremely low pollen concentrations and low levels of taxon diversity. 
Percentage diagram 
Most of the pollen contained within this zone is very badly degraded and consists predominantly of 
degraded Myrtaceae types (possibly Eucalyptus) (>90%). The second most abundant taxon is 
Asteraceae (Tubuliflorae) 'type B', with values between approximately 5 and 10%. 
A striking characteristic of this zone is the lack of aquatic assemblages. The percentage diagram 
indicates trace amounts of Haloragaceae and Myriophyllum in the very basal sample. 
Absolute diagram 
The trends in the absolute pollen diagram follow those of the percentage diagram. However, the 
absolute diagram does not record the presence of any aquatic taxa as the absolute values are too 
low to be shown on the scale used for this diagram. 
Zone RH5 (5.28 to 4.00 m) 
This pollen assemblage zone occurs within the basal sand unit of Core E12b and like Zone RH6 is 
characterised by extremely low pollen concentrations and low levels of taxon diversity. 
Percentage diagram 
Continuing the trends of Zone RH6, most of the pollen contained within this zone is badly degraded 
and consists predominantly of degraded Myrtaceae types (possibly Eucalyptus) (greater than 90% 
for the lower half of this zone although dropping to levels greater than 40% for the upper half of this 
zone). The second most abundant taxon in the lower half of this zone is Asteraceae (Tubuliflorae) 
'type B', with values between approximately 5 and 20%. In the upper half of Zone RH5 levels of 
taxon diversity slightly increase. Casuarinaceae, Angophora/Bioodwood eucalypts, Eucalyptus and 
Apiaceae reach values of over 5%. 
Aquatic taxa do not appear until the upper half of Zone RH5, when small amounts of Rorippa, 
Haloragaceae, Myriophyllum and Restionaceae pollen appear. In addition, the highest ratio of 
dryland to aquatic taxa in the record is attained throughout the upper half of this pollen assemblage 
zone. 
Absolute diagram 
The trends in the absolute pollen diagram largely follow those of the percentage diagram. The only 
significant difference is the trend in the dominant taxon of this zone- degraded Myrtaceae types. In 
the percentage diagram, this taxon drops from levels of over 90% to levels around 40% in the upper 
half of this zone. However, in the absolute diagram this trend is reversed. The absolute values of 
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degraded Myrtaceae actually attain their highest values in the sequence during the upper half of this 
zone. Therefore, the decline in the percentage value of this taxon is probably due to the increase in 
the representation of other taxa rather than a decline in the absolute abundance of degraded 
Myrtaceae. 
Zone RH4 (4.00 to 2.00 m) 
There is a dramatic change in the vegetation assemblage between Zones RH5 and RH4. Pollen 
concentrations and taxon diversity increase significantly in Zone RH4, while pollen degradation 
decreases. Taxa from the other trees category display fairly constant values (between 50 and 60%) 
within this pollen zone, a significant drop from levels generally over 80% in Zones RH6 and RH5. 
Conversely, small trees and shrubs, woody and herbaceous types of vegetation categories expand 
to their greatest levels within the sequence from the start of this zone. 
Percentage diagram 
Casuarinaceae (particularly >28 ~m), Angophora/Bioodwood Eucalypts and Eucalyptus are the 
predominant taxa of this category. Melaleuca pollen makes its first appearance, although this taxon 
is more abundant in the lower half of Zone RH4. Considerable amounts of degraded Myrtaceae also 
persist throughout this zone. Small trees and shrubs in these zones consist of taxa such as 
Araliaceae, Monotoca, Fabaceae, Acacia, Callistemon, Calytrix, Leptospermum, Proteaceae 
(particularly Banksia), Pomaderris, Rutaceae and Dodonaea. 
There is a large amount of woody and herbaceous taxa, which reach their highest proportions in the 
sequence in this zone. These include both types (A and B) of Asteraceae (Tubuliflorae), 
Chenopodiaceae, Goodeniaceae, Apiaceae and Poaceae, and traces of Caryophyllaceae, 
Xanthorrhoea, Euphorbiaceae, native Plantago, Astelia, Polygonaceae, Acaena and Urtica. 
Apiaceae in particular reaches levels of over 20% in the lower part of this zone. 
This zone marks the first appearance of ground ferns such as Calochlaena (Culcita) and unidentified 
ground fern spores. In addition, occasional traces of rainforest pollen, predominantly Acmena, occur 
in the sequence for the first time. 
There are dramatic increases in the representation of aquatic taxa throughout this zone. Rorippa is 
present from the start of Zone RH4 until the upper part of this zone. Concurrently, both 
Haloragaceae and Myriophyllum appear to dominate the aquatic spectra. There are also smaller 
amounts of Cyperaceae, Triglochin and Restionaceae present. In addition, the dryland to aquatic 
taxa ratio sharply decreases to almost insignificant levels throughout this zone. 
Absolute diagram 
The trends in the absolute pollen diagram all follow those of the percentage diagram. 
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Zone RH3 (2.00 to 0.84 m) 
Following the major trends in Zone RH4, the other trees category displays fairly constant values 
(between 50 and 60%) within this pollen zone and the small trees -and shrubs, woody and 
herbaceous types of vegetation categories remain at their greatest levels within the sequence during 
this zone. 
Percentage diagram 
Casuarinaceae (particularly >28 ~m), Angophora/Bioodwood Eucalypts and Eucalyptus continue to 
dominate the fossil pollen spectra throughout this zone, as in the previous zone. Melaleuca pollen 
percentages rise throughout this zone, particularly in the very upper samples, when there is a 
concurrent slight decline in Casuarinaceae and Eucalyptus percentage values. There are small 
amounts of degraded Myrtaceae throughout this zone, which decrease in the upper samples of this 
zone. The dominant taxon from the small trees and shrubs category in this zone is Monotoca and to 
a lesser extent taxa such as Fabaceae, Leptospermum and Dodonaea triquetra. There are also 
traces of taxa such as Araliaceae, Epacridaceae, Acacia, Callistemon, Calytrix, Proteaceae 
(particularly Banksia), Pomaderris, Rutaceae and Dodonaea viscose. 
There are considerable abundances of woody and herbaceous types of taxa throughout this zone. 
The dominant taxa from this category include both types (A and B) of Asteraceae (Tubuliflorae), 
Chenopodiaceae, Apiaceae and Poaceae. There are also traces of Caryophyllaceae, Goodeniaceae, 
Xanthorrhoea, Aizoaceae, Brassicaceae, Euphorbiaceae, native Plantago, Astelia and 
Polygonaceae. Percentages of both Asteraceae type Band Apiaceae decline in the upper part of this 
zone (above 1.36 m). However, the percentage of Poaceae increases significantly from the same 
depth. In addition, Goodeniaceae appears to disappear from the record after the lower samples of 
this unit and does not appear again in the entire sequence. 
There are also occasional traces of ground ferns, the first appearance of the moss Selaginella, and 
traces of the rainforest pollen Ceratopetalum and Acmena during this zone. 
Haloragaceae and Myriophyllum continue to dominate the aquatic spectra, and indeed percentage 
Myriophyllum values reach their highest levels throughout the sequence in this zone. There are also 
smaller amounts of Cyperaceae, Triglochin and Restionaceae present, with rare traces of 
Menyanthaceae and Typha found in the upper part of this zone. Triglochin in particular increases in 
the upper part of this zone (above 1.36 m). In addition, the dryland to aquatic taxa ratio remains at 
very low levels. 
Absolute diagram 
The majority of the trends in the absolute diagram follow those of the percentage diagram in this 
zone. However, there are some differences. In the other trees category, the slight decline in 
percentage Casuarinaceae and Eucalyptus values in the upper samples of this zone is not replicated 
in the absolute diagram. The percentage decline in these two taxa is therefore not because of a 
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decline in absolute values. The concurrent rise in the percentage of Melaleuca in this zone can be 
explained by the rise in absolute numbers of this taxon. 
In the woody and herbaceous types of taxa, the percentage diagram indicates a decline in both 
Asteraceae type B and Apiaceae towards the upper part of this zone (above 1.36 m), along with a 
concurrent increase in the percentage of Poaceae from the same depth. The absolute diagram 
indicates a decline in absolute numbers of Apiaceae and an increase in absolute numbers of 
Poaceae above 1.36 m, which is in line with the trends in the percentage diagram. However, the 
absolute diagram also indicates a significant increase in absolute numbers of Asteraceae (both types 
A and B) above 1.36 m, which is opposite to the trend in the percentage diagram. The decline in 
percentage value of Asteraceae above 1.36 m is therefore not due to falling absolute numbers but is 
most likely a function of the increased representation of other taxa (e.g. Poaceae). 
Zone RH2 (0.84 to 0.60 m) 
Some of the most significant changes in Core E12b occur throughout pollen zone RH2. There are 
dramatic fluctuations in pollen concentration (including the highest levels attained within the 
sequence), along with sharp decreases and increases in many taxa. There is also an overall 
increase in unknown and indeterminable taxa within Zone RH2. The overall trend is for a general 
expansion of taxa from the other trees category (both percentage and absolute values), particularly 
during the upper part of this zone, concurrent with significant declines in many woody and 
herbaceous types of taxa. 
Percentage diagram 
Casuarinaceae is overwhelmingly the dominant taxon in terms of percentage values, particularly 
during the upper part of this zone when it reaches values close to 80%. Percentage values of 
Angophora/Bioodwood eucalypts, Eucalyptus and Melaleuca all decline significantly (to their lowest 
levels throughout the sequence apart from the zones within the basal sand unit), particularly during 
the upper part of this zone. 
Overall percentage values of taxa from the small trees and shrub category are reduced, with the 
disappearance or decline of Araliaceae, Fabaceae, Acacia, Callistemon, Pomaderris, Rutaceae and 
Dodonaea taxa. 
There is a general decline in percentage values of woody and herbaceous taxa throughout Zone 
RH2. Taxa found in Zones RH3 and RH4 such as Goodeniaceae, Aizoaceae, Apiaceae, 
Euphorbiaceae, Astelia, Acaena and Urtica do not appear in Zone RH2. The main herbaceous taxa 
present in Zone RH2 include Asteraceae (types A and B), Chenopodiaceae, native Plantago, 
Poaceae and the moss Selaginella. Percentage values of Poaceae, Chenopodiaceae and 
Asteraceae are also relatively higher in the lower part of this zone and decline in the upper half of 
this zone. 
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There is a general decrease in the percentage values of aquatic taxa throughout this zone. The high 
percentages of Haloragaceae and Myriophyllum attained in the previous zones decrease significantly 
in Zone RH2. Following its rise in the upper part of zone RH3, Triglocbin percentages decrease 
sharply throughout this unit. Percentage values of Cyperaceae and Restionaceae fluctuate within this 
zone. The dryland to aquatic taxa ratio increases, particularly in the upper half of this zone. 
Absolute diagram 
The high percentage value of Casuarinaceae throughout this zone makes the smaller percentage 
changes in other taxa difficult to distinguish in the percentage diagram. However, these are more 
clearly seen in the absolute diagram. For example, this zone marks the first appearance of the 
rainforest taxon Elaeocarpus. 
Absolute numbers of Casuarinaceae increase to their highest levels in the sequence during this 
zone, particularly in the upper few samples, which is in accordance with this taxon's significant 
increase in percentage values during this zone. The percentage diagram indicated significant 
declines in Angophora/Bioodwood eucalypts, Eucalyptus and Melaleuca taxa. However, both 
Angophora/Bioodwood eucalypts and Eucalyptus actually rise in terms of absolute numbers 
throughout this zone, although absolute values of Melaleuca decrease following the trend of the 
percentage diagram. The decline in percentage values of Angophora/Bioodwood eucalypts and 
Eucalyptus in this zone is therefore not a result of a decline in absolute numbers and more likely a 
consequence of dilution due to the massive increase in both absolute and percentage representation 
of Casuarinaceae during this zone. 
The percentage diagram indicates a general reduction in taxa from both the small trees and shrub, 
and woody and herbaceous categories throughout this zone. However, the absolute diagram 
indicates that several of the taxa that are reduced in the percentage diagram do not actually decline 
in terms of absolute values (e.g. Monotoca, Fabaceae, Acacia and Callistemon from the small trees 
and shrubs category and Asteraceae (types A and B), Chenopodiaceae and Poaceae from the 
woody and herbaceous categories). Therefore the decline in percentage values of these taxa, like 
the percentage representation of Angophora/Bioodwood eucalypts and Eucalyptus above, are 
probably a consequence of dilution caused by the massive increase in Casuarinaceae during this 
zone. In addition, the absolute diagram also indicates that Gyrostemonaceae, Plantago (native), 
Brassicaceae and Selaginel/a all attain their greatest absolute abundances throughout the sequence 
during this zone. 
The trends in the percentage diagram for the aquatic taxa throughout this zone are applicable for the 
absolute diagram. In addition, the absolute diagram indicates that Triglochin reaches its greatest 
absolute representation during the lower part of this zone. 
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Zone RH1 (0.60 to 0.00 m) 
Following the trend of the upper part of Zone RH2, other trees continue to dominate the vegetation 
assemblage throughout the lower section of Zone RH1 (0.60 to 0.44 m), ~ith values over 80%. 
Percentage diagram 
Casuarinaceae continues to dominate the pollen spectra in the lower few samples of this zone, 
although the percentage value of this taxon decreases to less than 50% above 0.44 m. Percentages 
of Angophora/Bioodwood eucalypts, Eucalyptus and Melaleuca increase throughout this zone. 
Above around 0.44 m, the overall percentage proportion of trees declines. However, the actual 
values remain fairly high, fluctuating between 60 and 80%. 
Percentage values of taxa from the small trees and shrubs category remain fairly low during the 
lower section of this zone, although they increase above 0.44 m. There are slight increases in the 
percentage values of Fabaceae, Malvaceae, Monotoca, Baeckea, Callistemon, Leptospermum, 
Podocarpaceae, Pomaderris, Rubiaceae, Coprosma and Dodonaea viscosa. 
There are very low percentage values of woody and herbaceous taxa during the lower section of 
Zone RH1, with only traces of Asteraceae (Tubuliflorae), Chenopodiaceae, Brassicaceae, native 
Plantago, Poaceae and Polygonaceae. This zone marks the end of the dominance of Asteraceae 
(type B), with only rare traces of this type found in Zone RH1. Above around 0.44 m, percentage 
values of woody and herbaceous taxa increase. Those found throughout the upper half of this zone 
include Asteraceae (Tubuliflorae and Liguliflorae), Caryophyllaceae, Chenopodiaceae, 
Xanthorrhoea, Amaranthaceae, Hydrocotle, Brassicaceae, Amperea, native Plantago, Poaceae, 
Polygonaceae and Ranunculaceae. 
There is an increase in rainforest taxon diversity and abundance, particularly during the latter half of 
this zone. Rainforest taxa are primarily made up of Acmena, with trace amounts of Elaeocarpus, 
Nothofagus moorei and the tree fern Cyathea. However, there is a slight decline in Acmena values 
(both percentage and absolute) in the upper two samples. Ground fern spores also reach their 
greatest representation above 0.44 m. Significantly, the total amounts of indeterminable and 
unknown grains dramatically decrease during this zone, to their lowest levels throughout the entire 
sequence. 
This zone also marks the first appearance of several taxa. These include taxa such as Cyathea, 
Cupressaceae, Bauera, Podocarpaceae, Amaranthaceae, Ranunculaceae. The exotic indicator 
species Plantago lanceolata, Pinus and large Poaceae grains (>50 ~m) occur at 0.16 m depth. 
Percentage values of Haloragaceae and Myriophyllum continue to decrease through this zone, 
reaching their lowest values since their appearance at the start of Zone RH4. Triglochin values 
remain at fairly constant, low levels throughout this zone. There is however a sharp increase in 
Cyperaceae and Eleocharis around 0.44 m, reaching their highest values for the entire sequence. 
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Following the peaks in values of Cyperaceae and Eleocharis there is a peak in both Restionaceae 
and Typha in the upper 0.16 m. The dryland to aquatic taxa ratio also increases during this zone. 
Absolute diagram 
The percentage diagram indicates that the percentage value of Casuarinaceae decreases above 
0.44 m. However, the absolute diagram indicates that this is not a consequence of a decline in 
absolute numbers of this taxon, indeed Casuarinaceae (<23 ~m) actually attains its highest absolute 
values in the upper few samples of this zone. This is most likely a consequence of the increase in 
absolute numbers of several other taxa from 0.44 m. These include taxa from the other trees 
category such as AngophoraiBioodwood eucalypts, Eucalyptus and Melaleuca, taxa from the small 
trees and shrubs category such as Monotoca, Baeckea, Cal/istemon, Leptospermum, Banksia, 
Pomaderris, Rubiaceae, Coprosma and Dodonaea viscosa, and taxa from the woody and 
herbaceous categories such as Asteraceae (type A), Chenopodiaceae, Hydrocotle, Brassicaceae, 
Poaceae and Polygonaceae. 
In particular, in the upper 0.44 m, absolute values of Casuarinaceae (<23 ~m), Myrsinaceae, 
Eucalyptus, Melaleuca (particularly Melaleuca quinquenervia) and Bauera, Malvaceae, Baeckea, 
Podocarpaceae, Pomaderris, Coprosma, Asteraceae (Liguliflorae), Amaranthaceae, Poaceae, 
Polygonaceae and Ranunculaceae reach their highest levels in the entire sequence. Rainforest taxa 
such as Cyathea, Elaeocarpus, Nothofagus moorei and Acmena, along with ground fern spores also 
reach their greatest absolute abundance above this depth. 
The absolute diagram generally follows the trends of the percentage diagram for the aquatic taxa in 
this zone. In addition, the absolute diagram indicates a slight increase in absolute values of 
Triglochin in the very upper samples and Restionaceae and Typha values also attain their overall 
highest absolute levels during this zone. 
6.13.3.2 Core E12c 
Figure 6.16a reveals the changing proportions of the major pollen categories found between 1.75 
and 1.47 m (c. 17,000 to 9,000 BP) in Core E12c. There were fairly consistent trends in the overall 
proportions of the major vegetation categories during this section of the core. The dominant 
vegetation category represented in the pollen spectra is overwhelmingly other trees (>80%). There 
are only traces of rainforest and ground ferns found throughout this sequence and more significant 
amounts of small trees, shrubs, woody and herbaceous vegetation. 
CONISS revealed that there was little variation within this unit. Therefore, as this section of Core 
E12c overlaps with zone RH2 within Core E12b, it was decided to assign this section of Core E12c to 
Zone RH2 and not to subdivide this zone further. The trends of the individual taxa displayed in the 
percentage and absolute pollen diagrams (Figures 6.16b-c) are now outlined. 
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Figure 6.16a: Core E12c: chronology, lithology and summary percentage pollen. 
Note: lithology key is provided in Figure 6. 3. 
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The environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
Zone RH2 (1.75 to 1.47 m) 
Percentage diagram 
Trees dominate the vegetation assemblage. Casuarinaceae in particular, along with smaller 
percentages of Eucalyptus and degraded Myrtaceae types, dominate until around 1.60 m. Above this 
depth, however, taxa such as Angophora/Bioodwood eucalypts, Melaleuca and Myrsinaceae also 
appear. In addition, there are traces of the rainforest taxon Acmena and ground ferns in the middle 
part of this sequence. 
Small trees and shrubs are represented mainly by Monotoca, Callistemon, Leptospermum and 
Banksia. There is also a slight increase in small tree and shrub taxon diversity and abundance in the 
upper half of this zone. Woody and herbaceous vegetation is predominantly represented by 
Asteraceae (types A and B), Chenopodiaceae, native Plantago, Poaceae and Polygonaceae. 
Asteraceae (type B) disappears above 1.60 m. 
The aquatic vegetation assemblage is dominated by Myriophyllum, with percentage values reaching 
in excess of 20%. Cyperaceae, Eleocharis, Halagoraceae, Triglochin and Restionaceae are also 
found, with values generally higher in the upper half of the sequence. Typha appears in the record 
above 1.52 m. The dryland to aquatic taxa ratio remains fairly consistent throughout the sequence. 
Absolute diagram 
The trends in the absolute diagram follow the trends in the percentage diagram. 
6.13.3.3 Core F4c 
Figure 6.17a reveals the changing proportions of the major pollen categories found between 2.60 
and 0.30 m (6,550 ± 60 BP to present) in Core F4c. Four distinct pollen assemblage zones within the 
fossil pollen record were identified in Core F4c. As the entire record of Core F4c overlaps with zone 
RH1 identified within Core E12b, the four zones identified in Core F4c have been labelled RH1a-d. 
In stratigraphic order, Zones RH1d (2.60 to 1.50 m) and RH1c (1.50 to 0.90 m) span the basal unit, 
while Zones RH1b (0.90 to 0.76 m) and RH1a (0.76 to 0.30 m) span the upper half of the core. The 
trends displayed in both the percentage and absolute pollen diagrams for the dryland and aquatic 
taxa (Figures 6.17b-c) are now outlined for each pollen assemblage zone. 
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Figure 6.17c (continued): Core F4c: absolute pollen diagram. 
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Figure 6.17c (continued): Core F4c: absolute pollen diagram. 
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Figure 6.17c (continued): Core F4c: absolute pollen diagram. 
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Zone RH1d (2.60 to 1.50 m) 
There are fairly consistent trends in the major vegetation categories throughout this unit. The zone is 
dominated by the other trees category (> 70%), with only the small trees and shrubs and herbaceous 
types of taxa attaining any significant proportions throughout this unit. 
Percentage diagram 
Trees dominate the vegetation assemblage of Zone RH1d. The main types are from the other trees 
category and include Casuarinaceae, AngophoraiBioodwood eucalypts, Eucalyptus, Melaleuca and 
other types of Myrtaceae. 
Small trees and shrub taxa are dominated by Leptospermum and other Myrtaceous trees and shrubs 
including Cal/istemon and Baeckea. Other taxa found include traces of Araliaceae, Bauera, 
Monotoca, Fabaceae, Gyrostemonaceae, Acacia, Banksia, Pomaderris, Rutaceae and Dodonaea. A 
small percentage (<3%) of the vegetation assemblage includes woody and herbaceous types of 
taxa. Herbaceous taxa are dominated by Poaceae. There are also trace amounts of Asteraceae 
(Tubuliflorae), Chenopodiaceae, Apiaceae and native Plantago. 
Traces of rainforest taxa and ground ferns are found within this zone, including Ceratopetalum, 
Elaeocarpus and Acmena. 
The aquatic vegetation assemblage is dominated by Triglochin and Cyperaceae. In addition, traces 
of taxa such as Eleocharis, Halagoraceae (including Myriophyllum), Menyanthaceae, Restionaceae 
and Typha are found within this zone. 
Absolute diagram 
The trends in the absolute diagram follow the trends in the percentage diagram. 
Zone RH1c (1.50 to 0.90 m) 
This zone generally follows the trends of Zone RH1d, with trees dominating the vegetation 
assemblage throughout this zone. 
Percentage diagram 
The main taxa from the other trees category include Casuarinaceae, AngophoraiBioodwood 
eucalypts, Eucalyptus, Melaleuca and other types of Myrtaceae. 
There are some traces of rainforest taxa and ground ferns within these zones, including Cyathea, 
Elaeocarpus and Acmena. 
Following the trends of Zone RH1d, small trees and shrub taxa continue to be dominated by 
Leptospermum and other Myrtaceous trees and shrubs including Callistemon and Baeckea. Other 
taxa found include traces of Monotoca, Fabaceae, Acacia, Podocarpaceae, Banksia, Pomaderris, 
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and Dodonaea. Herbaceous taxa continue to be dominated by Poaceae. There are also trace 
amounts of Asteraceae (Tubuliflorae), Chenopodiaceae, Amperea and native Plantago. 
The aquatic vegetation assemblage continues to be dominated by Triglochin and Cyperaceae. 
Eleocharis and Myriophyllum are also found within these zones. 
Absolute diagram 
The trends in the absolute diagram follow those of the percentage diagram. 
Zone RH1b (0.90 to 0. 76 m) 
This zone is marked by high pollen concentrations and includes the start of fluctuations in the 
proportions of the major pollen categories. There is a sharp decrease in the percentage of arboreal 
pollen just before the start of this zone, and the overall percentage tree pollen remains at slightly 
lower values than that of the previous zones. 
Percentage diagram 
The tree pollen continues to be dominated by Casuarinaceae, Eucalyptus and Melaleuca. There are 
only traces of rainforest taxa, such as Elaeocarpus, Nothofagus moorei and Acmena, within this 
zone and only one sample records the presence of the ground fern Calochlaena. There is an 
increase in the overall percentage values of small trees and shrubs, and the woody and herbaceous 
types of taxa. Leptospermum and other Myrtaceous trees and shrubs (e.g. Baeckea and 
Callistemon) dominate the small trees and shrub category, while Poaceae continues to dominate the 
herbaceous pollen spectra. Brassicaceae also appears for the first time in the sequence. 
The aquatic vegetation assemblage is dominated by Triglochin and Cyperaceae (including 
Eleocharis). Haloragaceae (including Myriophyllum), Restionaceae and Typha are also present. 
Absolute diagram 
There are very high pollen concentrations throughout this zone which lead to differences in the 
trends between the percentage and absolute diagrams. In the absolute diagram the elevated pollen 
concentrations mean that there is a general trend of sharp increases in absolute numbers of all 
vegetation categories apart from the exotics category. For example, although the overall percentage 
values of tree pollen are reduced, the absolute values of many of the tree taxa attain their highest 
values for the entire sequence within this zone. 
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Zone RH1a (0. 76 to 0.30 m) 
This zone marks the first appearance of exotic taxa such as Plantago lanceolata, Asteraceae 
(Liguliflorae) and Poaceae (>50 ~m), indicating European presence in the.environment. 
Percentage diagram 
There is a sharp decrease followed quickly by an increase in the percentage of tree taxa in the initial 
phase of this zone, after which fairly high levels of tree taxa are maintained until the upper samples. 
Casuarinaceae, Eucalyptus and Melaleuca types dominate the tree pollen, with traces of 
Cupressaceae, Myrsinaceae and AngophoraiBioodwood eucalypts also present. 
There are increased trace percentage values of rainforest taxa such as Ceratopetalum and 
Elaeocarpus. There is a reduction in Acmena values, however, as well as minor traces of ground 
ferns throughout this zone. 
There is an overall reduction in both percentage and absolute values of small trees and shrub taxa, 
with significant declines in Leptospermum and the other Myrtaceous trees and shrubs that have 
been prevalent in the small trees and shrub record thus far. There is a sharp increase in the 
percentage value of herbaceous taxa during the lower section of Zone RH1a (>20%). Following this, 
the combined percentage value of all woody and herbaceous taxa ranges between about 7 and 17%. 
The herbaceous taxa continue to be dominated by Poaceae, followed by Chenopodiaceae and 
Asteraceae (Tubuliflorae). Additionally, there is a sharp increase in the percentage of all woody and 
herbaceous taxa (>25%) for the uppermost sample of the core. This can be attributed to the sharp 
increase of one taxon in particular, Poaceae. 
The greatest percentage values of aquatic taxa within the entire core occur in Zone RH1a. The 
aquatic taxa continue to be overwhelmingly dominated by abundant absolute values of Triglochin 
and to a lesser extent Cyperaceae (including Eleocharis). There are also trace values of 
Haloragaceae (including Myriophyllum), Menyanthaceae and Restionaceae. Typha reaches its 
greatest percentage abundance in the sequence. The dryland to aquatic taxa ratio also declines 
above around 0.48 m. 
Absolute diagram 
The trends in the absolute diagram generally follow those of the percentage diagram. However the 
absolute diagram reveals notable declines in taxa such as Araliaceae, Epacridaceae, Monotoca, 
Fabaceae, Pomaderris, Rutaceae and Dodonaea triquetra. There are also slight increases in trace 
values of taxa such as Bauera, Banksia and Dodonaea viscose. 
The percentage diagram indicates a sharp increase in values of herbaceous taxa in the lower 
section of this zone. However, the absolute values of herbaceous taxa in the lower sample of this 
zone actually decline from levels in the previous zone, indicating the increasing percentage of 
herbaceous taxa is probably an artefact of a decline in some of the major taxa (e.g. tree taxa) at this 
point. 
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6.13.4 Synthesis of pollen results for Cores E12b, E12c and F4c 
Figure 6.18 presents a compilation of the summary percentage pollen data obtained from Cores 
E12b, E12c and F4c. This figure illustrates where the shorter records of Cores E12c and F4c fit into 
the longer record of Core E 12b. 
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Figure 6.18: Cores E12b, E12c and F4c: synthesis of summary percentage pollen 
incidence over the last 75,000 years. 
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6.14 Charcoal counting 
6.14.1 Microscopic charcoal counting- point count method 
The results of the microscopic charcoal counts performed on Cores E12b, E12c and F4c are 
presented in Figure 6.19. The raw counts are given in Appendix 24. The charcoal concentrations are 
also expressed as a ratio of pollen concentration in order to determine the degree to which charcoal 
concentration is a function of variations in sedimentation rates (with pollen concentration acting as a 
proxy for sedimentation rates). As the ratios of charcoal to pollen are very low, in order to see the 
trends more clearly the values have been multiplied by 106. 
6.14.1.1 Core E12b 
The results of the microscopic charcoal counts made on the sediments of Core E12b indicate 
several periods of high and low charcoal levels over the past 75,000 years. 
Zone RH6 (5.80 to 5.28 m) and RH5 (5.28 to 4.00 m) 
Within the basal sand unit (Zones RH6 and RH5) there is very limited evidence of microscopic 
charcoal fragments, with values reaching their lowest in the entire core during these zones 
(<0.21 mm'g-1). 
Zone RH4 (4.00 to 2.00m) 
The area of microscopic charcoal increases to values fluctuating between around 5 and 15 mm'g·' 
throughout Zone RH4. 
Zone RH3 (2.00 to 0.84 m) 
In the lower part of this zone, microscopic charcoal levels continue to fluctuate between around 5 
and 15 mm'g·', following the trend in zone RH4. However, above 1.20 m there is a sharp decrease 
in the area of microscopic charcoal fragments to <5 mm'g·'. 
Zones RH2 (0.84 to 0.60 m) and RH1 (0.60 to 0.00 m) 
The trend of low levels of microscopic charcoal (<5 mm'g-1) from the upper samples of Zone RH3 
continues throughout both Zones RH2 and RH1 until the uppermost two samples of the sequence in 
Zone RH1, when there is a slight rise in charcoal to between 7 and 9 mm'g·'. 
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6.14.1.2 Core E12c 
Core E12c provides a record of microscopic charcoal levels between around 17,000 to 9,000 years 
ago. 
Zone RH2 (1. 75 to 1.47 m) 
There is a very low incidence of microscopic charcoal fragments (<1 mm2g'1) throughout this zone in 
Core E12c. 
6.14.1.3 Core F4c 
Core F4c provides a record of microscopic charcoal levels throughout approximately the last 6,000 
years. 
Zones RH1d (2.60 to 1.50 m) and RH1c (1.50 to 0.90 m) 
Microscopic charcoal levels display fairly consistent levels (<7 mm2g'1) from the base of Core F4c, 
until a small peak in values in the very upper sample of Zone RH1c (between 0.96 and 0.92 m). 
Zone RH1b (0.90 to 0.76 m) 
Microscopic charcoal levels drop slightly in this zone to values below 5 mm2g·'. 
Zone RH1a (0. 76 to 0.30 m) 
Microscopic charcoal levels reach their greatest peak (>20 mm2g'1) during the lower samples of this 
zone, particularly between 0. 72 and 0.68 m. Above this depth values are consistently higher 
(> 7 mm2g-1) than values in the basal unit of the core. The microscopic charcoal value divided by 
pollen concentration curve supports this trend. This graph also reveals that the major peak in 
microscopic charcoal area seen between 0.72 and 0.68 m is even more pronounced when pollen 
concentrations (i.e. changes in sedimentation rates) are taken into account. 
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6.14.2 Macroscopic charcoal counting- Oregon sieving method 
Macroscopic charcoal counts were performed on Core E12b and Core-l"4c. However, the results of 
Core F4c were discarded due to doubts about their accuracy. This was because of the highly organic 
nature of the sediments and the limitations of the image analysis technique. In practice it was found 
to be impossible to distinguish between charcoal and other organic detritus. It was discovered that it 
is essential to calibrate the macroscopic charcoal data when using image analysis. Samples were 
calibrated in this study by checking the image analysis results against the actual samples. The 
results of the macroscopic charcoal counts performed on Core E12b are presented in Figure 6.20. 
The raw counts are given in Appendix 25. The results are expressed as both pieces and area of 
macroscopic charcoal per gram, and as macroscopic charcoal area divided by pollen concentration. 
6.14.2.1 Core E12b 
Figure 6.20 indicates that there are substantial fluctuations in macroscopic charcoal counts within 
the sediments of Core E12b. 
Zone RH6 (5.80 to 5.28 m) and RH5 (5.28 to 4.00 m) 
There are low levels of macroscopic charcoal throughout the basal sand unit of the core (Zones RH6 
and RH5). However, when normalised against pollen concentrations the data reveal high and 
fluctuating levels of macroscopic charcoal throughout these zones. 
Zone RH4 (4.00 to 2.00 m) 
Macroscopic charcoal concentrations fluctuate dramatically within this zone, with values reaching in 
excess of 150 mm2g·1• Both the raw macroscopic charcoal curves (area and pieces) and the data 
normalised against pollen concentration show the same trends. 
Zone RH3 (2.00 to 0.84 m) 
Continuing the trend of Zone RH4, macroscopic charcoal concentrations continue to fluctuate in the 
lower part of Zone RH3. Above 1.20 m, macroscopic charcoal values decline dramatically, with only 
one sample (1.16 to 1.12 m) in the remainder of this zone with macroscopic charcoal concentrations 
greater than 20 mm2g·'. 
Zone RH2 (0.84 to 0.60 m) 
Macroscopic charcoal levels remain low, apart from the basal sample in Zone RH2 which has a 
value of around 50 mm2g·1. 
Zone RH1 (0.60 to 0.00 m) 
Macroscopic charcoal values continue to be low in the lower part of this zone. Above 0.44 m 
however, macroscopic charcoal levels increase, although they do not reach the high values attained 
throughout Zones RH4 and RH3. 
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6.14.3 Megascopic charcoal counting 
During the logging of Core E12b, large pieces of charcoal (>2 mm diameter) were also found. These 
have been termed megascopic charcoal, in order to distinguish them from the macroscopic charcoal 
results. Counts of these megascopic pieces of charcoal were made according to a visual scale of 
abundance from 1 (rare) to 5 (abundant) and are presented in Figure 6.21 , with the raw counts listed 
in Appendix 25. 
Two samples within the basal sand unit (Zone RH5) contain occasional fragments of megascopic 
charcoal. The greatest frequency of megascopic charcoal fragments occurs throughout Zones RH4 
and RH3 (between 4.00 m and 1.20 m). The most notable feature of this curve is that there are no 
fragments of megascopic charcoal at all in the upper zones of the core (Zones RH2 and RH1) , 
above 1.20 m. 
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6.14.4 Synthesis of microscopic, macroscopic and megascopic charcoal 
analyses for Core E12b 
The results of the microscopic, macroscopic and megascopic charcoal counting analyses performed 
on the master core (E12b) have been compiled and are presented for easy reference in Figure 6.22. 
The trends in these graphs have been outlined in Sections 6.14.1 to 6.14.3. 
The macroscopic and microscopic charcoal results indicate a good agreement between the two 
methods. For example, many smaller fluctuations in charcoal values are apparent in both sets of 
results, although the macroscopic charcoal record appears to highlight the fluctuations better with 
higher values and therefore greater resolution. 
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6.15 Statistical analyses 
In order to determine any statistical similarities and/or differences amongst selected pollen taxa, 
charcoal counts and sample depths, a correspondence analysis was performed on the pollen data 
obtained from Core E12b. Correspondence analysis is an ordination technique, which attempts to 
represent the relationships of the objects under study along a continuum of one or more dimensions, 
often graphically in scattergrams (Kovach 1995). This is based on a process termed eigenanalysis, 
which performs linear transformations on multidimensional data to extract new axes that summarise 
as much of the data as possible (see Pielou 1984). Each axis is described by an eigenvalue, which 
indicates the relative amount of the total variation in the data that is summarised on one axis, and an 
eigenvector, which is a set of new scores for each object in the original data matrix (Kovach 1995). 
Sixteen different pollen taxa and two forms of charcoal counts were selected for the analysis, which 
was performed on the percentage values of all the samples in Core E12b. These are listed in Table 
6.4, along with the codes used to identify them in the diagrams. 
The raw percentage data were initially converted into a suitable (binary) format for later entry into the 
correspondence analysis, by ranking the data into the 33 (-), 66 (0} and 99 (+) percentile values. 
These values were entered into a correspondence analysis, using the option provided by the 
additional program 'Poptools' added to a version of Microsoft Excel 
(http://www.cse.csiro.au/poptools). The results of the correspondence analysis are expressed in the 
form of biplots and are presented in Figures 6.23a-d. A biplot is essentially a graphical display of an 
approximation to a matrix, which should show features of the data that help in their interpretation 
(Gabriel 1995). Biplots display samples as points and environmental variables (e.g. pollen taxa) as 
arrows/or vectors in the same diagram. The direction of the vector/arrow indicates the direction in 
which the abundance of the variable increases most rapidly. The length of the vector shows the rate 
of change in abundance in that direction. The proximity of vectors to the axes summarises the 
relative weight of each variable in determining each axis. The angles between vectors reflect the 
correlations between environmental variables. For example, angles close to o• indicate high/positive 
correlation (samples have similar species composition), 90' angles indicate little or no correlation, 
and 180° angles indicate negative correlation (samples are dissimilar in terms of species 
composition). 
Figure 6.23a shows the complete results of the correspondence analysis. The results of the selected 
pollen taxa and charcoal counts and the sample depth markers have been separated in Figures 
6.23c-d. This was done in order to more clearly see the individual results, as the quantity of 
information in Figure 6.23a tends to obscure the picture. Essentially, the correspondence analysis 
indicates the levels of similarity or dissimilarity between individual pollen taxa and charcoal counts 
and sample depths. 
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Figure 6.23c-d: Core E12b: biplots showing the results of correspondence analysis 
of selected pollen taxa and charcoal counts. 
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Table 6.4: The Redhead Lagoon pollen taxa and charcoal counts (and their 
corresponding codes) used in correspondence analysis (biplots). 
Pollen taxa and charcoal counts Code 
Casuarinaceae CAS 
Anqoohora/Bioodwood eucalyQ_ts ANGOPH 
Eucalyptus EUC 
Melaleuca MEL 
Deoraded Mvrtaceae DEGMYRT 
Monotoca MONO 
Banksia BANK 
Dodonaea triquetra DOD 
Asteraceae (Tubuliflorael AST1 
Asteraceae (blunt-spined) AST2 
Apiaceae {minus Hydrocotle) API 
Poaceae POA 
Microcharcoal counts (oer aram) MICROC 
Macrocharcoal counts {area per gram) MAC ROC 
Cyperaceae CYPER 
HaloraQaceae HALAG 
Myriophyllum MYRIO 
Triglochin TRIG 
The analysis reveals that several groups of taxa have high levels of similarity. These include: 
• High values of Triglochin and low values of degraded Myrtaceae; 
• High values of Casuarinaceae and low values of Asteraceae Tubuliflorae (type B); 
• Low values of Apiaceae and low values of Haloragaceae; 
• Low values of Angophora/Bioodwood eucalypts, low values of Myriophyllum and low values 
Asteraceae Tubuliflorae; 
• Low values of macroscopic charcoal and low values of microscopic charcoal; 
• Low values of Banksia and Poaceae, and high values of degraded Myrtaceae; 
• High values of Cyperaceae and high values of Melaleuca; 
• High values of Banksia and medium levels of Dodonaea; 
• Medium values of Eucalyptus, medium values of Banksia and medium values of 
Angophora/Bioodwood eucalypts; 
• High values of macroscopic charcoal and high values of Asteraceae Tubuliflorae; 
• Medium values of macroscopic charcoal and medium values of Asteraceae Tubuliflorae 
(type B); 
• High values of Haloragaceae and high values of microscopic charcoal with medium levels of 
Casuarinaceae, medium levels of Poaceae, medium levels of Triglochin and medium levels of 
Cyperaceae; 
• High values of Dodonaea and high values of Eucalyptus, with medium values of Melaleuca and 
medium levels of degraded Myrtaceae; 
• High values of Apiaceae and high values of Angophora/Bioodwood eucalypts with medium 
values of Monotoca; 
• Medium values of Haloragaceae and medium values of Myriophyllum. 
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A time series trend line has been added to the biplot output of the correspondence analysis, and is 
presented in Figure 6.23b. This figure reveals periods of stability separated by periods of more rapid 
change and fluctuations. The basal samples (5.80 to 4.00 m) all plot in _the lower right sector of the 
biplot, indicating a fairly stable period of deposition, clustering around high values of degraded 
Myrtaceae. Towards the upper part of this basal unit (from around 4.34 m) the samples start to 
deviate from this cluster and plot towards the lower left sector of the biplot and towards higher levels 
of Asteraceae Tubuliflorae (type B), possibly indicating a transitional period. 
The middle part of the sequence (between around 4.00 and 1.20 m) also appears to be a fairly 
distinct, stable period, as the samples from these depths all cluster around the border of the upper 
and lower left sectors of the biplot. This area of the biplot correlates with high levels of Apiaceae, 
Dodonaea, Angophora/Bioodwood eucalypts, Eucalyptus, Asteraceae Tubuliflorae, Haloragaceae 
(including Myriophyllum) and high counts of both microscopic and macroscopic charcoal. In addition, 
Figure 6. 19b reveals fluctuations within this section of the sequence, but these appear to be of lesser 
magnitude than those that occurred during the transitional unit between the basal and middle unit. 
There appears to be a sudden change into the upper 1.20 m of the sequence, after which there is 
more variation and fluctuations for the upper section in general, compared to the basal and middle 
units. Values show a fairly weak cluster between 1.20 and 0.84 m, a period of high values of 
Melaleuca, Monotoca, Banksia, Poaceae and Cyperaceae. Following this, there is rapid and 
substantial deviation between this cluster of samples and the next cluster, starting from 0.84 m. 
In the upper 0.84 m of the sequence, there appear to be two 'weak' clusters of samples (0.84 to 
0.48 m and 0.44 to 0.00 m). The first group (0.84 to 0.48 m) correlates with low values of Apiaceae, 
Haloragaceae, Angophora/Bioodwood eucalypts, Asteraceae Tubuliflorae, Dodonaea, Eucalyptus, 
Myriophyllum, Monotoca and low values of both macroscopic and microscopic charcoal. Following 
this group, there is a rapid deviation to the sample between 0.48 and 0.44 m. This sample appears 
not to be associated with the group of samples either above or below it. The uppermost cluster of 
samples in the sequence (between 0.44 and 0.00 m) correlates with high values of Casuarinaceae 
and Triglochin and to a lesser extent high values of Poaceae. There is also a correlation with very 
low values of degraded Myrtaceae and Asteraceae Tubuliflorae (type B). 
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7.0 CHAPTER 7: Chronology and sedimentation rates 
7.1 Introduction 
This chapter discusses the results presented in Chapter 6 pertaining to the chronologies and 
sedimentation rates determined for the cores obtained from Redhead Lagoon. Firstly, a 
chronological framework for the cores obtained from Redhead Lagoon is outlined, using both the 
AMS radiocarbon and luminescence dating results. This allows the determination of natural 
background rates of sedimentation at this site and reveals how these have varied as a function of 
environmental conditions. The estimates also allow the assessment of Aboriginal and European 
impact on sedimentation at this site. 
7.2 Chronology 
7.2.1 Overview 
A combination of AMS radiocarbon and OSL ages indicates that Cores E12b and E12c preserve a 
record of approximately 75,000 years of environmental history and that Core F4c contains a more 
detailed record extending back to the mid-Holocene. The Holocene age for the lagoon suggested by 
Munro (1984a) (see Section 4.3) may therefore be dismissed. The longest published record of 
environmental history within the region comes from a palynological study of Burraga Swamp in the 
Barrington Tops (Sweller and Martin 2001). However, this covers only the last 40,000 years. The 
record from Redhead Lagoon thus significantly extends our knowledge of the environmental history 
of the region. 
As discussed in Section 6.8, those radiocarbon ages younger than 20,000 BP have been calibrated 
and expressed as calibrated years BP, with uncertainties quoted to two standard deviations (95% 
probability). The calibrated ages and the uncalibrated ages are listed together in Tables 7.1-7.3. To 
avoid confusion and because much of the period with which this study is concerned predates 
available calibration models, unless stated otherwise, radiocarbon ages in this thesis are discussed 
using uncalibrated 14C years before present (BP), where present is taken as 1950 AD. 
The results of the OSL analyses have been added to both the uncalibrated and calibrated AMS 
radiocarbon ages to provide a complete chronology for Cores E12b, E12c and F4c. These are listed 
in Tables 7.1-7.3 and plotted in Figures 7.1-7.3. In addition, all the error bars associated with the 
radiocarbon and OSL ages have been plotted, including the use of symbols to indicate the type of 
pre-treatment method used for each sample. 
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Table 7.1: ..,nr, 
-·· 
of Core E12b. 
---
Age• 1 used I and ! depth 
(m) to obtain age/s prtt•UC'CILillttiiL StepS 
- used for 14C ages 
0.00 
1.uo-u 
"""020-
0.36-0.41 
1 0.36-0.41 
n.a;.'J_n "' 
).6< 
0.68-0.72 
0.72-0.76 
1.72-0. 
1.76-0. 
0.76-0. 
0.71 
l An.n A4 
1998 AD I Year core 
· c. 1860 AD First appearance of 
(post-European contact) exotic pollen 
7 080 ±50 17 788-7 974\ AMS radiocarbon aae 
9,060 ± 60710,146-10,290\ AMS radiocarbon aae 
9 080 ±50 110158-10 288) AMS radiocarbon aae 
10 500 ± 80 111,976-11,999\ AMS radiocarbon aae 
14,700 ± 100717 058-18 174) AMS radiocarbon age 
15 740 ± 170118,124-19,5061 AMS radiocarbon aae 
1 0 520 ± 80 12 119-12 238 AMS radiocarbon aae 
11 150 ± 90 12 885-13,439 AMS radiocarbon age 
11,210 ± 70 12 919-12,926 AMS radiocarbon aae 
l 11 930 ± 90113,553-14,303\ AMS radiocarbon age 
1-
Pollen 
Charcoal 
Charcoal - ABOX 
Pollen 
Pollen 
1-ABOX 
...;C'Sh="'a"='rce"o"'a;-:1 -"' 
Charcoal - ABOX 
Pollen 
j 10 030 ± 80 111 ,227-11,770\ AMS radiocarbon aae Charcoal - _ 
10 470 ± 100 111 966-12 014\ AMS radiocarbon aae Charcoal- ABOX J 10 250 ± 70111,632-12 378). AMS radiocarbon age Charcoal-' _ 
1,590 ± 80 112,187-12,209\ AMS radiocarbon aae Charcoal- ABOX 
1,640 ± 270 AMS radiocarbon age Charcoal - ABOX 
00-1.04 33 750 ± 320 AMS radiocarbon aae Charcoal-
08-1.12 34 020 ± 340 AMS radiocarbon aae Charcoal - ' 
1.12-1.16 32,350 ± 280 AMS radiocarbon aae Charcoal -
1.28-1.32 35 660 ± 790 AMS radiocarbon aae Charcoal - ' 
1.80-1.84 39,530 ± 1,320 AMS radiocarbon aae Charcoal-' 
1.84-1.88 40 200 ± 1 ,450 AMS radiocarbon age Charcoal - ' 
1.88-1.92 36,060 ± 830 AMS radiocarbon aae Charcoal- • 
I 4.08-4.32 70 000 ± 5 000 OSL Bile Sand (quartz grains 
r 4. 72-4.96 76 000 ± 5,000 OSL aae Sand (auartz grains\ I 
~ ?n.~ _._. 75,000 ± 6,000 OSL age Sand (auartz grains\ 
Table 7.2: Chronology of Core E12c. 
Sam pie depth Age• Method/s used Sample material and 
(m) to obtain age/s pre-treatment steps 
used for 14C ages 
0.00 2002 AD Year core obtained 
1.47 9 290 ± 50(10,358-10 582) AMS radiocarbon aae Charcoal - standard preparation 
1.64 10,410 ± 160111 688-12 884 AMS radiocarbon aae Pollen 
1.72 17 270 ± 100119,887-21,238 AMS radiocarbon age Pollen 
1.84 19,740 ± 100122 757-23 999 AMS radiocarbon aae Charcoal - standard preparation 
2.00 23 750 ± 140 AMS radiocarbon aae Pollen 
6.93-7.15 79,000 ± 5 000 OSL aae Sand (auartz grains) 
Table 7.3: 
ta obtain age/s 
• Radiocarbon ages are expressed as conventional (uncalibrated) ages with an uncertainty of ± 1 
standard deviation. Values in parentheses represent calibrated radiocarbon ages with an uncertainty 
of ± 2 standard deviations. For more details, such as laboratory codes and the calibration program 
used, see the notes attached to Tables 6.2a--<:. 
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Many studies use techniques such as regression analysis to fit 'age-depth' curves to a series 
radiocarbon ages, such as those presented in Figures 7.1-7.3- usually on fewer ages than those 
obtained for the main core (E12b) in this thesis. However, this study h;ls highlighted that obtaining 
additional radiocarbon ages can reveal a more complex pattern of sedimentation as well as 
problems such as potential contamination and breaks in sediment deposition, or at the very least 
variable rates of sedimentation. As a constant rate of sedimentation is highly unlikely at this site, 
given the variable nature of the sediments and the wide range of radiocarbon ages, an age-depth 
model has not been plotted for these cores, as it would probably produce unreliable results. This is 
supported by a recent paper by Telford et at. (2004) on the uncertainty and error associated with 
fitted age-depth models, in which it is argued that all age-depth models are wrong. Their study 
involved fitting a range of models to sets of simulated radiocarbon ages based on varved sediments, 
and comparing the modelled relationships with the varve timescale. From this, they found that the 
confidence interval generally increased with the number of (calibrated) dates used. However, with 
few dates (particularly under about 12, which they note is the typical number of ages for a well-dated 
Holocene sequence), no age-depth model provides a good fit to reality, and calculated confidence 
intervals are over-optimistic. They add that it is probable that to achieve accurate, high-precision, 
radiocarbon-based chronologies, researchers will have to use many more ages than is currently the 
norm. 
Caution is also required when interpreting the results of 14C dating as contamination, by both older or 
younger carbon, may lead to age inversions (e.g. Calhoun 1986; Pilcher 1991). For example, 
radiocarbon age reversals have been noted in one of the longest comparative dating sequences in 
Australia (31 radiocarbon and nine luminescence ages) at Puritjarra Rock Shelter, central Australia 
(Smith et at. 1997). Smith et at. (1997) have argued that these results may have wide ramifications 
for Quaternary scientists when, as is common, they attempt to reconstruct chronologies for Late 
Pleistocene sites on the basis of small numbers of 14C determinations. 
With these cautions in mind, the dating results presented in Tables 7.1-7.3 and Figures 7.1-7.3 for 
the cores obtained from Redhead Lagoon are now discussed in chronological order. Using these 
results, the chronology of sections of the cores are compared with the marine oxygen isotope stages 
(Martinson et a/. 1987) as a means of descriptive reference. 
7.2.2 c. 80- 70 ka: OSL basal ages (Cores E12b and E12c) 
In this study, four OSL ages were obtained from two different cores and laboratories. All yielded 
statistically the same results, ranging from 79 ± 5 to 70 ± 5 ka (Tables 7.1 and 7.2). The ages 
obtained from Cores E12b and E12c suggest that the basal sand layer found within each of these 
cores (5.80 to 3.96 min Core E12b and 7.30 to 5.12 min Core E12c) was rapidly deposited during 
the latter part of MIS 5, or the initial period of MIS 4. 
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7.2.3 >30 ka: AMS 14C ages (Core E12b) 
Seven AMS radiocarbon ages have been obtained from between 1.92 and 1.00 min Core E12b, 
ranging between 40,200 ± 1,450 BP and 32,350 ± 280 BP (Table 7.1a). There are two distinct 
clusters within these ages (between c. 40,000 and 39,000 BP at 1.92 to 1.80 m and between 
c. 35,000 and 32,000 BP at 1.32 to 1.00 m). The lower cluster of ages lies very close to the detection 
limit for radiocarbon dating, where only very small amounts of contamination can have a dramatic 
effect on the estimated age (see Roberts eta/. 1994b; Chappell eta/. 1996a; Turney eta/. 2001c and 
Section 3.4.2). For example, contamination by just 1% of modern carbon will give an infinite age 
sample an apparent age of approximately 37,000 BP (Bird eta/. 1999). The fact that the ages from 
between 1.92 and 1.80 m are not in stratigraphical order strongly suggests the possibility of variable 
contamination by inwashed modern carbon. Additionally, it should be noted that none of the ages 
greater than 30,000 years old from the core were subjected to rigorous pre-treatment, raising the 
issue of potential contamination by modern carbon (see Section 3.4.2). The real ages for this part of 
the sequence may therefore be older than the radiocarbon ages suggest. 
7.2.4 c. 30- 10 ka: AMS 14C ages (Cores E12b and E12c) 
Twelve AMS radiocarbon ages were obtained from between 1.00 and 0.52 m in Core E12b and four 
ages from between 2.00 and 1.64 m in Core E12c. A variety of pre-treatment steps was employed in 
these analyses, with results ranging from 28,680 ± 270 to 10,520 ± 80 BP (Tables 7.1a-b). In Core 
E12b, a number of these ages are not in stratigraphic order. These reversals have made the 
interpretation challenging, requiring a number of possible explanations to be considered. It also 
appears that there is a hiatus in the record of Core E12b from around 28,000 BP, spanning most of 
MIS 2. However, radiocarbon ages obtained for Core E12c indicate that this period appears to be 
preserved in this core. A potential chronological framework for both cores throughout this period is 
now outlined. 
7.2.4.1 Cores E12b and E12c: LGM 
An age of 28,680 ± 270 BP from 0.88-0.84 m in Core E12b is followed by an age of 10,640 ± 80 BP 
for the overlying sample, 0.84-0.80 m. This difference in age suggests either a period of 
extraordinarily slow deposition or a significant hiatus in sedimentation or a dating problem. By 
contrast, the four AMS radiocarbon ages obtained from Core E12c between 2.00 and 1.64 m are in 
stratigraphic order and range from c. 24,000 to 10,000 BP. In addition, these ages indicate that the 
hiatus during MIS 2 present in the record of Core E12b does not appear to have occurred in Core 
E12c. Therefore, this section of Core E12c may be used to complete the record obtained from the 
main core (E12b) used in this study. 
The differences between the two cores are puzzling as both were taken from the same site in the 
lake basin, although in reality they would have most likely been taken a few metres apart due to 
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sampling limitations. These differences may be a result of sampling error, of differential focussing of 
sediments during deposition or a result of post-depositional processes within the lake basin (e.g. 
vegetation influences). This type of intra-site variability has been noted in a study by Davies et a/. 
(2001), who examined tephra horizons in numerous cores within Loch Ashik in the Isle of Skye, 
Scotland. The authors noted that not all the cores examined from this site contained evidence of a 
usually distinctive black tephra layer. They considered that this may have been the result of localised 
focusing of the tephra particles in the lake. They noted at the time that this finding raises the 
question of whether such within-site variability is also typical of other sites. 
There is a number of reasons why a hiatus in the record of Core E12b may have occurred. It could 
have been caused by a break in sediment deposition or erosion of sediments during a dry period. 
This period spans MIS 2, which co-incides with the height of the last glacial period. Numerous 
studies have concluded that very dry conditions existed between c. 25,000 and 11,000 years ago, 
and dry lake basins were one consequence. Dodson (1977a) has stated that the same fluctuations 
were extensive over eastern and southern Australia. Lakes that were dry during a significant period 
of this time include Wyrie Swamp (Dodson 1977b), Lake Leake (Dodson 1975), Pulbeena Swamp 
(Calhoun eta/. 1982), Lake Bullenmerri (Dodson 1979), Lake Wangoom (Edney eta/. 1990) and 
Lake Terang (D'Costa and Kershaw 1995). Unconformities in sedimentary records, possibly due to 
deflation, have also been noted at many sites during this period. These include sites such as Wyrie 
Swamp (Dodson 1977b), Lake Frome (Bowler and Wasson 1983), Lake Turangmoroke (Crowley 
and Kershaw 1994), the Willandra Lakes (Bowler 1998) and the Otway region in Victoria (McKenzie 
and Kershaw 2000). In fact, De Deckker eta/. (1991) have argued that most sites in Australia would 
have undergone deflation during this period, resulting in the loss of their depositional record. 
However, the presence of sediments from this period in Core E12c indicates that the whole site did 
not dry out during this period and thus deflation is highly unlikely to be the explanation of the 
unconformity. 
7.2.4.2 Core E12b: radiocarbon age inversions during the Pleistocene-
Holocene transition 
Initially, three standard AMS radiocarbon ages on fragments of macroscopic charcoal were obtained 
for the sharp peak in volume magnetic susceptibility present between 0.84 and 0.72 m in Core E12b 
(Figure 6.11). These ranged between c. 12,000 and 10,000 BP (c. 14,000 to 11,000 calibrated years 
BP). Subsequently, two AMS radiocarbon ages were obtained from pollen extracts from 0.68 to 
0.64 m and 0.60 to 0.56 m from this core. These ages ranged between c. 16,000 and 14,000 BP 
(19,500 to 17,000 calibrated years BP), significantly older than the stratigraphically lower ages of 
c. 12,000 to 10,000 BP previously obtained. An additional 14C age, also on a pollen extract, was 
obtained from 0.80 to 0.76 m. This produced an older age (11 ,930 ± 90 BP) than that obtained from 
macroscopic charcoal fragments taken from the same depth (1 0,030 ± 80 BP). In an attempt to 
resolve the chronology for this section of the core, and to eliminate the effects of any potential 
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contamination (which may have caused the age reversals), six charcoal samples from between 0.88 
and 0. 52 m were selected for ABOX pre-treatment. The effect of the ABOX pre-treatment step is to 
remove any potential younger carbon contaminants in the sample, thys eliminating any potential 
erroneously 'younger' ages. Contamination by younger carbon, through the process of percolating 
younger humic acids, has been noted as an issue in other studies (e.g. Dodson 1977b; Calhoun 
1986; Pilcher 1991; Bjorck and Wohlfarth 2001 ). The samples chosen overlapped in depth with the 
original suite of AMS radiocarbon ages. 
The results acquired from the ABOX treatment are statistically indistinguishable from the ages 
obtained on the macroscopic charcoal fragments at the same depths (Table 7.1 ). By contrast, two of 
the determinations made on pollen extracts (those derived between 0.68 and 0.56 m) are 
significantly older than the ages derived from charcoal from surrounding depths (Table 7.1 ). This 
may be because of the presence of older carbon, either older charcoal or coal fragments, or the 
inclusion of older organic materials in the pollen samples used to obtain these ages. The method 
used to isolate the pollen from the sediment matrix involves floating the pollen in liquid of a specific 
density, and it is possible that traces of charcoal and/or coal, which are similar in density to the 
pollen, may have been included in the sample that was dated (see Appendix 2). In practice it was not 
possible to isolate the pollen completely and almost certainly traces of other material would have 
been present in the sample analysed by AMS radiocarbon dating (G. Jacobsen, pers. comm.). 
Previously, it has also been recognised that although procedures to isolate pollen remove as much 
non-pollen material as possible the concentrates still contain extraneous organic material (Regnell 
1992). 
Contamination by old carbon has previously been noted as a problem in the dating of organic 
deposits (e.g. Calhoun 1986; Pilcher 1991). Pilcher (1991) has suggested that the most common 
source of old carbon contamination is the presence of particles of coal or lignite in lake sediments. 
Coals are mostly pre-Quaternary in age and contain no 14C. The addition of coal to the sample would 
therefore increase its apparent age. The catchment geology of Redhead Lagoon consists 
predominantly of sandstone and conglomerates interbedded with seams of coal from the Newcastle 
Coal Measures. Therefore, there is a potential source of older carbon contamination in the 
catchment. 
Alternatively, the older carbon contamination may be due to the inwashing of older organic matter 
and/or charcoal into the lake during the Pleistocene- Holocene transition period, between c. 13,000 
and 10,000 years ago. Many sites of this age possess stratigraphically inverted radiocarbon 
sequences (O'Sullivan eta/. 1973; Battarbee and Digerfeldt 1976; Pennington eta/. 1976; Calhoun 
eta/. 1982; Edwards and Rowntree 1980; Van de Geer eta/. 1986; D'Costa eta/. 1989). In addition, 
a study of sediments in the Baltic Ice Lake by Bjorck and Hakansson ( 1982) has noted dating 
inversion problems associated with late glacial sediments. The authors suggested that the dating 
error of late glacial sediments was closely related to the amount of re-deposited pollen and inversely 
related to the percentage of organic carbon. Those sediments that possessed large numbers of 
reworked grains were more subject to dating errors. The authors argued that this was especially true 
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if the sediment contained little organic carbon (<2%), which is often the case with late glacial 
sediments. An examination of the sedimentological results of Core E12b (Figure 6.8) reveals that 
this section of the core has a higher mineral bulk density and low loss-o(L-ignition values. The sharp 
peak in magnetic susceptibility values during this section of the core may also reflect increased 
sediment influx resulting from greater climatic instability and the onset of higher rainfall during this 
period. This may have acted, in combination with a lack of vegetation cover and more active 
geomorphic processes, to increase catchment erosion. This may have led to the erosion of older 
soils and charcoal from the catchment into the lake basin, thereby producing age inversions. The 
problem of sediments containing old charcoal has been noted previously (e.g. Blong and Gillespie 
1978; Colhoun 1986). In addition, Kershaw (1995) has suggested that periods of non-deposition and 
erosion (e.g. the hiatus during MIS 2- see Section 7.2.4.1) can facilitate the movement of carbon 
through sediments and increase the chances of erroneous ages. 
7.2.5 <10 ka: AMS 14C ages (Cores E12b, E12c and F4c) 
The AMS radiocarbon ages from above 0.40 m in Core E12b and above 1.47 m in Core E12c 
indicate that these upper core sections fall within the Holocene period (Tables 7.1 and 7.2). All the 
ages obtained within these sections were in chronological order. In addition, three AMS radiocarbon 
ages extending back to 6,550 ± 60 BP were obtained between 2.58 and 0.82 m in Core F4c. These 
show that this shorter core preserves a more detailed record of mid to late Holocene environmental 
change (Table 7.3). 
The chronology of the upper part of the sequence of Core F4c has been determined using a number 
of different methods, including distinct geochemical (including 137Cs) and exotic pollen markers. For 
a detailed discussion of the European period chronology see Franklin (1997). It appears that 
European contact (c. 1860 AD at this site) occurred at around 0.76 min Core F4c. As a radiocarbon 
age of 3,290 ± 60 BP has been obtained at 0.82 m, just 0.06 m below the point of contact, this 
implies a decrease in deposition between c. 3,000 years ago and c. 1860 AD. This thesis is 
supported by the major increase in pollen concentrations during this period (Figure 6.17c). 
Alternatively, the 14C age may be too old. If this is the case, then the erroneous radiocarbon age at 
0.82 m may be due to the reworking of older organic material stored in catchment sediments. This 
problem has been noted in radiocarbon ages from sites in Tasmania (Colhoun 1986) and on modern 
samples of charcoal from the bed of the Macdonald River in NSW (Biong and Gillespie 1978). 
Indeed, Blong and Gillespie (1978) have argued that radiocarbon ages should be regarded as 
maximum ages only, as they found that modern samples gave ages up to 1,550 years too old at the 
Macdonald River depending on particle size. The larger particles of charcoal were found to produce 
younger ages, and the smaller particles older ages. 
As coal seams form part of the catchment geology at Redhead Lagoon, any disturbance of the 
catchment surface may have also led to traces of older coal being washed into the lake basin and 
causing older carbon contamination of the 14C age. This disturbance could have been the product of 
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Aboriginal activity. Therefore, the radiocarbon age of c. 3,000 BP should be regarded as a maximum 
age only and not necessarily a reflection of the true age of deposition. 
7.3 Long-term sediment accumulation rates 
7.3. 1 Overview 
Accelerated erosion occurs when soil is removed faster than it forms as a result of human 
interference (Harte 1987). The environmental consequences of accelerated soil erosion include a 
decline in soil productivity through a loss of nutrients required for plant growth (Lal 1986) and 
enhanced sedimentation in water bodies. Indeed, accelerated sedimentation is one of the major 
environmental problems facing water authorities and regulatory bodies with responsibilities for water 
management (Kidd 1991). The physical consequences of excessive sedimentation include the 
choking of navigation routes, the smothering of seagrasses and other benthic flora and fauna, and a 
reduction in the recreational use of water bodies (Kilby and Batley 1991). Chemical consequences 
are an increased nutrient supply as the results of nitrates and phosphates entering the water body 
attached to particles of incoming sediment (Houghton 1975; Quitty et at. 1979), leading to algal 
blooms and eutrophication of water bodies (Yassini 1986). Therefore, accurate and long-term 
records of erosion and sedimentation rates are essential to the effective management and planning 
of a water catchment system (Kilby and Batley 1991). 
Estimates of sediment influx rates are likely to be inaccurate unless the effects of sediment 
compaction is taken into account. Therefore rates of sediment accumulation have been calculated in 
this study on a mass-specific basis rather than by determining vertical rates of accumulation. Mass-
specific rates may be exaggerated if mass accumulation figures are derived simply from the bulk 
densities of the samples. This is because the bulk density results include not only organic material 
eroded from the catchment surface, but also any organic material produced in situ (via biological 
activity within the lake basin). This study, therefore, adopts the conservative approach of assuming 
that only the inorganic fraction of the sediments is a result of erosion from the catchment surface. 
Mass accumulation rates are therefore derived from measurements of mineral bulk densities of the 
sediments. Since organic input from eroded soils is discounted, accumulation rates will be 
underestimated and will provide only a minimum rate of accumulation. Additionally, depositional 
losses during the conveyance of sediment from its source (within the catchment) into the basin mean 
that sediment yields are potentially underestimated. However, as the catchment area is small and 
possesses short, steep slopes with few sediment traps (see Section 4.2), issues of sediment delivery 
may be of minor consequence in this location. 
Sediment accumulation rates were calculated for all three cores (E12b, E12c and F4c). However, it 
should be noted that these cores represent only two sites (E12 and F4, Figure 5.1) and that 
sedimentation rates obtained are not necessarily indicative of rates across the entire lake basin. For 
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instance, parts of the basin that are more proximal to sites of sediment input will have greater rates 
of accumulation, while distal sites, further away from sediment source areas, will have lower 
accumulation rates. 
The site-specific sediment accumulation rates for Cores E12b, E12c and F4c are presented in 
Figures 6.10a-b and Appendix 11. These were calculated using the mineral bulk density results and 
the dates for the cores given in Tables 7.1-7.3. These figures reveal three distinct periods of 
sedimentation during the last 75,000 years. These are now discussed in chronological order. 
7.3.2 Rates for the pre-European period (last g/acia/75 ka to c. 1860 AD) 
The OSL ages obtained for Core E12b are statistically indistinguishable and therefore it was not 
possible to calculate sediment accumulation rates for the period between 79 ± 5 and 70 ± 5 ka. 
However, it is clear from the dating results and the high mineral bulk density values of this basal 
sand unit that there was both a rapid and substantial accumulation of sand in the lake basin during 
this period. The geomorphic significance and potential source of the sand and the mechanisms by 
which it was transported are outlined in Section 8.3.2.1. 
Following the deposition of the basal sand unit, sediment accumulation rates dropped dramatically 
and remained constant at fairly low levels (<0.05 kg m·2a"1) throughout the entire last glacial and the 
majority of the Holocene period. II should be kept in mind that the radiocarbon dating through this 
section was fairly coarse, so the exact rates and timing should only be used as an estimate. 
Aboriginal people are thought to have arrived in Australia during this period, although the exact 
timing of this has been much debated (see Section 3.4.2). However, there appears to be no 
evidence of any significant increase in sedimentation rates that can easily be attributed to Aboriginal 
activity at this site. 
These long-term sedimentation rates are indicative of slightly higher rates during MIS 3, as 
there appears to be a slight drop in sedimentation from c. 30,000 years ago in Core E12b 
(<0.003 kg m·2a-1) and from c. 17,000 years ago in Core E12c. Higher rainfall (or at least higher 
effective precipitation) may have facilitated more active erosion during the MIS 3 interstadial period 
(see Section 3.3.3). Conversely, lower water balances throughout the latter part of the glacial cycle 
may explain the drop in sedimentation rates until around 9,000 years ago. After this time 
sedimentation rates rise again slightly (>0.02 kg m·2a"1). This possibly indicates the start of higher 
rainfall regimes throughout the Holocene period. However, rates remained fairly low overall 
throughout most of the Holocene period. 
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7.3.3 Rates for the European period (post c. 1860 AD) 
The most significant change in rates of sediment accumulation occuts at the start of European 
settlement. Figure 6. 11 b highlights the dramatic increase in sedimentation after c. 1860 AD at this 
site, with site-specific values in excess of 0.80 kg m·'a·' between c. 1860 AD and 1897 AD. This is 
equivalent to over 60 times the value of the preceding period. This was the period of initial European 
contact and permanent settlement in the catchment. Small-scale agricultural activities, such as citrus 
orchards, dominated land use during this time. The sedimentation rate recorded during this period is 
the highest experienced since the time of European settlement, suggesting that the activities of the 
first European settlers, such as land clearing, had the most significant impacts on the catchment. 
Since the period of initial European settlement, sediment accumulation values have declined in a 
step-wise fashion. A coal mine was established in the northern region of the catchment during the 
late 1880s (see Section 4. 7.3.2) and the associated land uses, including an increase in settlement, 
led to accelerated rates of sedimentation (around 0.50 kg m·'a·' between c. 1897 AD and 1955 AD). 
However, this is lower than the rates recorded during the initial phase of European settlement. 
The coal mine in the catchment (Dudley Colliery) ceased operations by 1940. However, the 
connection of a sewerage carrier in 1964 marked the start of large-scale urban construction in the 
catchment. Accelerated rates of sedimentation during the most recent period at Redhead Lagoon (in 
excess of 0.25 kg m·'a·' between c. 1955 AD and 1996 AD) may be accounted for by activities 
associated with construction and urbanization. 
Well dated records of erosion extending prior to the time of European contact are thus far not 
common in Australia (Gale 2003). Sites which meet the criteria for determining the impact of early 
European settlers are closed basins, which have the ability to retain all the products of denudation 
from the entire catchment to produce long stratigraphic records of soil loss (Gale 2003). Long-term 
records of soils loss have been obtained from sites such as Umberumberka Creek in southwest New 
South Wales (Wasson and Galloway 1986), Little Langothlin Lagoon in northeast New South Wales 
(Gale and Haworth 2002) and Tocal Homestead Lagoon in the Hunter Valley of New South Wales 
(Cook et a/. 2004). The rates of sedimentation increased by 50 to 500 times very shortly after 
European contact at all of these sites. The results of this study, where the rate of sedimentation 
increased by around 60 times after European contact, fit in to the lower end of this range of impacts 
recorded at other sites in Australia. Cook et a/. (2004) have noted that the greatest increase in 
average post-contact sedimentation rates is recorded at Umberumberka Creek. This may indicate 
that the greatest impacts were experienced in drier and less vegetated areas such as western New 
South Wales, while the lowest impact occurred in the better vegetated and more humid sites towards 
the coastal regions. 
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7.4 Summary 
A combination of AMS radiocarbon and OSL dating has revealed that Cores E12b and E12c 
preserve a record of approximately 75,000 years of environmental history and Core F4c contains a 
more detailed record ex1ending from the mid-Holocene to the present. Four ages using optically 
stimulated luminescence dating have been obtained successfully from two cores and thirty-three 
AMS radiocarbon ages have been obtained from three cores at this site, using a variety of pre-
treatment methods, which makes this one of the most comprehensively dated long-term 
environmental records so far obtained in Australia. However, results from this study highlight the 
need for caution in the interpretation of 14C dating as they reveal age inversions, possibly attributable 
to older carbon contamination, and a possible hiatus in the sediment record of Core E12b during MIS 
2. The hiatus may have been caused by the erosion of sediments during MIS 2, a period which co-
incides with the height of the last glacial period. This period was extremely dry and unconformities in 
sedimentary records have been noted at many sites during this period in Australia. However, 
radiocarbon ages obtained for Core E12c indicate that MIS 2 appears to be preserved in this core, 
and thus this section may be used to complete the record obtained from Core E12b. The difference 
in the preservation of the two cores alternatively may be a result of sampling limitations. However it 
may also be a result of differential sediment focussing or post-depositional processes within the lake 
basin, which may raise the question of whether such within-site variability is also typical of other 
sites. 
The results of the dating have been combined with measurements of mineral bulk density to 
determine long-term sediment accumulation rates in the lagoon. The site-specific sedimentation 
rates obtained for Cores E12b, E12c and F4c reveal distinct periods of sedimentation throughout the 
last 75,000 years. The lowest levels of sediment accumulation rates throughout the entire sequence 
were recorded during the period spanning the height and end of the last glacial, a time of reduced 
water balances noted at many sites in southeastern Australia. 
The long-term sediment accumulation rates at Redhead Lagoon highlight, in particular, the dramatic 
and sudden consequences of European settlement on the catchment surface. Additionally, the 
results are able to distinguish between the different land uses and activities recorded within the 
European period. It appears that the greatest impacts (i.e. the highest rates of accelerated 
sedimentation) were associated with the land clearing activities of the initial settlers in the catchment. 
Sedimentation rates have declined in a stepwise manner since this time. However, the values 
recorded for the European period are higher than any other recorded period throughout the last 
75,000 years. 
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8.0 CHAPTER 8: 
Environmental reconstruction at Redhead Lagoon 
8.1 Introduction 
This chapter provides a synthesis of the results obtained from the palaeoecological, 
sedimentological and magnetic analyses of Cores E12b, E12c and F4c (presented in Chapter 6), 
within the chronological framework outlined in Chapter 7. The results will be used firstly to examine 
modern vegetation-pollen dynamics and then to provide a reconstruction of palaeoenvironmental 
conditions throughout the last glacial cycle at Redhead Lagoon. In particular, the possible vegetation 
and fire histories will be described and any evidence of either environmental variability or human 
impact will be discussed. 
8.2 Modern vegetation-pollen dynamics 
8.2. 1 Previous studies 
Kodela (1990b) has argued that little is known about the relationships between plants and their 
pollen dispersal in Australia. However, there have been some studies that have attempted to analyse 
the representativeness of the pollen fallout from the local vegetation spectra (e.g. Dodson 1977a, 
1983; Macphai11979; Colhoun and Van de Geer 1986; Dodson and Myers 1986). Modern pollen rain 
can be determined by analysing the pollen isolated in surface sediments, or collected in pollen traps 
(e.g. Tauber traps or 'natural' moss cushions). This may be compared with the recorded vegetation 
in the area to determine the representativeness of the pollen rain. 
One of the first studies of this type in Australia was undertaken by Dodson (1983), who examined the 
pollen rain from herbland, shrubland and sclerophyll vegetation assemblages at a number of 
locations in southeastern NSW. Dodson (1983) found that most Australian pollen types travelled no 
more than 100 m from the source to the site of deposition, and suggested that most pollen records 
are of highly local vegetation patterns. Specifically, it was found that Apiaceae, Asteraceae 
(Tubuliflorae), Casuarinaceae, Chenopodiaceae, Coprosma, Cupressaceae, Cyperaceae, 
Dodonaea, Eucalyptus, Myriophyllum, Pinus, Plantago lanceolata and Pomaderris were all over-
represented, whereas Acacia, Asteraceae (Liguliflorae) and Epacridaceae were all under-
represented in pollen assemblages. More recently, Macphail and Hope (2003) have also reported 
that the majority of Australian plants are dispersed only very short distances ( <1 0 m) into the 
surrounding area, unless water-transport is involved. 
In their investigation of vegetation and modern pollen rain in the Barrington Tops and Upper Hunter 
River regions of NSW, Dodson and Myers (1986) collected moss cushions in order to identify pollen 
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rain for use in fossil pollen interpretation. They found that Eucalyptus, Poaceae, Casuarina, 
Asteraceae (Tubuliflorae) and Cyperaceae were the dominant components of the regional pollen 
rain. Dodson and Myers (1986) found that the pollen rain of sub-alpine grasslands was characterised 
by Poaceae values >45%, Eucalyptus values <15%, and by small quantities of Epacridaceae and 
Goodeniaceae pollen. They also found that sub-alpine forest and wet eucalypt forest formations had 
very similar pollen representation and could be confused in pollen spectra. However, Monotoca, 
Banksia and Leptospermum pollen and fern spores were more common in wet eucalypt forests, 
whilst Poaceae and Epacridaceae values were likely to be higher in sub-alpine formations. 
Kodela (1990a, 1990b) provided the first attempt to analyse tree-pollen rain from warm-temperate 
rainforest and eucalypt forest stands, in this case on the Central Tablelands of NSW. In these 
studies, pollen abundance from moss/lichen polsters was compared to the areal extent of several 
major taxa in the modern vegetation using linear regression analysis. He found that Acacia was 
generally poorly represented, Cyathea over-represented and Acmena well or under-represented. 
Kodela (1990a, 1990b) also found that Eucalyptus was well represented by its pollen in sclerophyll 
forests, where it is the dominant tree. Rainforest pollen representation was generally poor in these 
studies, which may have been due to factors such as the complexity of forest composition, and the 
spasmodic flowering and low pollen production of rainforest taxa. 
8_2.2 Modem vegetation-pol/en dynamics at Redhead Lagoon 
In this study the surface samples of the lagoon sediment were employed as 'traps' to assess modern 
pollen fallout. In order to examine the relationship between the modern vegetation and the modern 
pollen record at Redhead Lagoon, the pollen counts of the surface samples (Figures 6.13 and 6.14a) 
and the modern vegetation survey (Appendix 7) have been combined to produce Figure 8.1. This 
scatterplot compares the average relative occurrence of individual taxa in the modern pollen spectra 
with the relative occurrence of these taxa in the modern vegetation. The raw data used to create this 
figure are presented in Appendix 26. The pollen percentages used in this scatterplot were obtained 
by averaging the values for all 12 sample locations. The vegetation survey recorded presence or 
absence for a total of three areas (water's edge, fringe/bank, hillslope) within 18 different sections 
(see Figure 5.4). A taxon could therefore occur in any one of a total of 54 sites (3 x 18). The results 
are expressed as a percentage of occurrence within these 54 locations. 
The individual taxa were grouped into the eight distinct pollen groups used throughout this study, i.e. 
exotics, rainforest and tree ferns, other trees, small trees and shrubs, woody and herbaceous taxa, 
herbaceous taxa, ground ferns, aquatics and sedges. This was in order to determine whether 
particular groups of plants were either over- or under-represented in the modern pollen spectra. 
Using the results of Figure 8.1, each taxon was grouped into one of three categories (pollen over-
represented; pollen well to slightly under-represented; pollen under-represented). These are listed in 
Table 8.1. The representativeness of each species in terms of the modern pollen spectra is 
important and needs to be considered when evaluating the pollen data. 
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Figure 8.1: Modern pollen fallout as a function of the incidence of vegetation types 
in the catchment of Redhead Lagoon. 
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Table 8.1: Representativeness of the modern pollen spectra at Redhead Lagoon. 
OVER-REPRESENTED 
TAXA WELUSLIGHTL Y 
UNDER-REPRESENTED TAXA 
,,., 'J' I ,. Poaceae 
Araliaceae' .. , .... , eraceae 
Monotoca' 
raceae' 
Brassicaceae' 
Am 
Pimelea' 
Halo 
Restionaceae' 
'Source plants absent from vegetation survey area. 
~----------------------~ 
~----------------------~ 
~----------------------~ 
~----------------------~ 
KEY 
Exotics 
Rainforest 
Other trees 
Small trees & shrubs 
Woody & herbaceous taxa 
Herbs 
Ground ferns 
Aquatics & sedges 
UNDER-
REPRESENTED TAXA 
. J ' •••. ' • . 
-~ t . 
1-nacridaceae 
Fabaceae 
Malvaceae 
Acacia 
Callistemon 
Oleaceae 
Proteaceae 
Banksia 
Rosaceae 
Dodonaea ,,.,,., 
Commelinaceae 
Convulvulaceae 
D i lien iaceae 
OtherEuphorbiaceae 
lridaceae . 
Liliaceae 
Ochnaceae 
o ·xalidaceae 
Philesiaceae 
Ranunculaceae 
Verbenaceae 
Vitaceae 
Ferns 
Eleocharis 
Juncaceae 
1'\lu, onaceae 
Figure 8.1 and Table 8.1 show that most of the modern pollen taxa at this site are under-
represented. There are significantly fewer taxa over-represented. The only group in which the 
majority of taxa is well-represented is the other trees group. 
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The only taxon that was both recorded in the vegetation survey and over-represented in the pollen 
spectra is Eucalyptus. This genus has also been found to be well- to over-represented in other 
Australian pollen rain studies (e.g. Dodson 1983; Kodela 1990a, 1990b). Nineteen other taxa were 
recorded in the pollen spectra yet not recorded in the vegetation survey. These taxa were therefore 
classified, along with Eucalyptus, as over-represented in the modern pollen spectra. These plants 
may either have been overlooked in the catchment vegetation survey, they may produce better 
dispersed and farther travelled pollen, or they may produce greater amounts of pollen than other 
plants. 
Three taxa within the other trees category (Casuarinaceae, Angophora/Bioodwood eucalypts and 
Melaleuca), the grass family (Poaceae) and the sedge family (Cyperaceae) are all well- to slightly 
under-represented in the modern pollen rain at Redhead Lagoon. In contrast, most rainforest taxa, 
small trees and shrubs, herbs, woody and herbaceous taxa, ground ferns and a few aquatic taxa are 
under-represented in the pollen spectra. It has often been argued that most Australian pollen types 
are under-represented, produced in limited numbers and not dispersed far from their source plants) 
(e.g. Dodson 1977a, 1983; Macphail and Hope 2003). So perhaps the higher representation of 
under-represented pollen types at Redhead Lagoon is a consequence of many pollen types not 
travelling far from the site of deposition. In addition, the under-represented pollen types may not 
produce as much pollen as the over-represented species. It is thus important to keep in mind that 
non-arboreal and rainforest taxa, in particular, may be under-represented in the fossil pollen record. 
The results presented here generally correspond with the findings of other studies. For example, 
Kodela (1990a) listed the representation of 68 pollen taxa (either species or families) for the 
Robertson-Moss Vale area of the Central Tablelands of NSW. Eighteen of these 68 taxa were found 
in the modern pollen and vegetation spectra at Redhead Lagoon. The results of this study classified 
all but four of these 18 pollen and vegetation types in the same category as Kodela's (1990a) 
classification scheme. In addition, Macphail and Hope (2003) have suggested that most rainforest 
trees, most shrubs and herbs, and many ferns and fern allies are under-represented in fossil pollen 
spectra, while the well- and over-represented species include most wind-pollinated trees and shrubs 
and only some selected herbs. The results presented here support those of Macphail and Hope 
(2003). 
Overall, the pollen representation results obtained from Redhead Lagoon agree with those of other 
studies of modern vegetation and pollen dynamics in southeastern NSW. Nevertheless, Kodela 
(1990a) has cautioned that differences in vegetation characteristics, sampling strategies and source 
area, along with site variability in the form of environmental conditions, may cause variability in pollen 
representation at different sites. There is therefore a need for caution when using results from 
different areas. Dodson (1983) has also shown that variations in pollen representation occur 
between different study areas and investigators. The results presented here highlight some of the 
limitations of using pollen to infer past vegetation. 
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8.3 Palaeoenvironmental reconstruction at Redhead Lagoon 
8.3. 1 Overview 
Six distinct palaeoenvironmental zones have been identified by cluster analysis performed on the 
palynological data from Core E12b (see Section 6.13.3.1). The major features of each zone, 
including the sedimentary, magnetic and ecological properties of Core E12b, are now discussed in 
chronological order. The results from Cores E12c and F4c have been incorporated into the 
discussion where appropriate. 
8.3.2 Palaeoenvironmental zones RH6 and RH5 (79 ± 5 to 70 ± 5 ka): Core 
E12b (5.80 to 4.00 m) 
8.3.2.1 Sedimentology and dating (79 ± 5 to 70 ± 5 ka) 
Palaeoenvironmental zones RH6 and RH5 both lie within the basal lithological unit of the core (5.80 
to 4.00 m), which consists predominantly of medium sized quartz sand grains and occasional small 
gravels (see Section 6.4.2.1). The OSL ages obtained for Core E12b are statistically 
indistinguishable and therefore it was not possible to calculate sediment accumulation rates for this 
period. However, it is clear from the dating results and the high mineral bulk density values of this 
basal sand unit that there was rapid and substantial deposition of this sand layer at the site around 
75 ka (see Section 7.2.2). 
Plant stems in growth position occur during this unit, which suggest that the lake had become 
sufficiently shallow to allow the growth of plants. This may have been the result of falling lake levels, 
accelerated sediment accumulation or both. Slight traces of oxidation between the depths of 5.04 
and 4.56 m are also indicative of periods of low lake levels. 
Volume-specific and frequency-dependent magnetic susceptibility of this basal unit are relatively high 
(Figures 6.11 and 6.12a). Elevated magnetic susceptibility values within this unit are most likely due 
to the different provenance of these sediments (sands derived from outside the catchment) to those 
in the rest of the sequence (silts derived from within the catchment). The relatively high levels of 
frequency-dependent magnetic susceptibility are not likely to be due to fire (little charcoal) or 
pedogenesis (little evidence of soil features). Alternatively, they may be the result of weathering. 
Weathering may have induced chemical alteration to the mineralogy of the sediment, resulting in a 
greater concentration of ferrimagnetic minerals (see Thompson and Oldfield 1986). It should also be 
noted that iron staining of some of the quartz grains within this unit was identified during the 
petrological examination (see Section 6. 7). This may have contributed to the elevated levels of 
frequency-dependent magnetic susceptibility during this period. 
N J Williams Chapter 8 Environmental reconstruction at Redhead Lagoon 209 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
The particle-size, particle-shape and petrological analyses performed on these sediments indicate 
that the most likely source of this layer of sand is the cliff-top dunes located on Dudley Bluff 
headland. Both the core sediments and the dune sand catchment sam~les taken from Dudley Bluff 
have many similar characteristics. For example, particle-size and shape analyses of the Lagoon 
sands and the catchment sands reveal that the samples all consist predominantly of medium-sized 
to fine sand, are moderately-sorted and are overwhelmingly composed of subrounded to subangular 
grains (66-86%). There is also very little difference in the petrology of the Dudley Bluff and core 
samples. All samples are composed predominantly of quartz, with a small percentage of shells and 
lithic fragments (<5%). This indicates a high degree of maturity. 
Previous studies have found that river sand derived by terrestrial erosion of the country rocks is 
texturally and compositionally different from marine sand (e.g. Roy and Crawford 1977; Roy 1977). 
For example, from the analysis of sediments along the NSW coast, Roy and Crawford (1977) found 
that river sand is dark coloured, poorly to moderately sorted, fine to medium grained, with angular to 
subangular grains. Roy (1977) also found that river sand normally contains more lithic fragments 
than marine sands (50-70%). In addition, fluvial sands usually contain only a very minor component 
(<5%) of rounded grains and the amounts of angular and very angular grains in the quartz fraction 
are usually higher than 50% (Thom et at. 1992). In contrast, marine sand (reworked coastal, beach 
and nearshore marine sand) has been found to be medium to fine grained, well sorted, with 
subrounded to rounded grains and usually containing fewer than 5% lithic grains (Roy and Crawford 
1977; Roy 1983). The rounded nature and low lithic content of beach and nearshore marine sands 
may indicate prolonged marine abrasion and chemical weathering that probably occurred during 
more than one glacio-eustatic change in sea level. It has also been noted that in general dune sands 
of aeolian origin show the greatest maturity (Reinack 1980) and that river sand is usually less mature 
than marine sand. 
A key indicator of the marine/dune origin of the core samples is their lustre. Features such as iron 
banding and a distinct glassy and frosty lustre were noted during an examination of the core and 
catchment samples. The frostiness could be due to marine sands being exposed subaerially to salt, 
wind and rain. If the rain is slightly acidic, it will react with the silica to recrystalise on the surface, 
giving the grains a frosty appearance (R. Hashimoto, pers. comm.). In addition, if the grains were 
fluvial they would be more opaque than frosty. It has also been noted that beach and nearshore 
marine sand may contain numerous iron stained shell fragments and quartz grains (Roy and 
Crawford 1977; Roy 1983), whereas iron staining is rare in fluvial sediments (Roy 1983). The cause 
of the iron staining is uncertain, although it is probably a subaqueous rather than a subaerial process 
(Roy 1983). A possible mechanism involves the burial of the sand in a reducing environment and the 
development of an iron sulphide coating on the grains (Roy 1985). Subsequent reworking exposes 
the sediment at the seabed and oxidation of the iron sulphide to iron oxide takes place. Repetition of 
this process produces a pale yellow to orange coating or surface stain (Roy 1985). 
The results of the various sedimentological analyses, therefore, indicate that the basal sand of Core 
E12b is most likely to be marine dune sand that has been transported from the cliff-top dunes on 
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Dudley Bluff. A comparison of the mean, the sorting and skewness values of the Lagoon sands 
reveals that the sands are similar to the 'beach sands' of Friedman (1967) and the 'outer nearshore 
marine' samples in a regional study by Ly (1978; Figures 6.4b-c). Ly !1978) has argued that the 
samples of modern nearshore marine sands examined in his study are similar to the present day 
beach sands and probably represent the relict beach sand deposited on the continental shelf during 
a lower sea level stand. This marine sand is likely to be very similar to the marine sand contained 
within the Inner Barrier of the Newcastle-Port Stephens area, which was deposited during the Last 
Interglacial period (around 140 ka) (Thorn et a/. 1992, 1994; Figure 8.2). The Inner Barrier is 
composed of fine to medium quartzose sand (Thorn eta/. 1994). The upper part of the Inner Barrier 
was strongly affected by podzolisation during the last glacial period of low sea level and possess a 
well developed A horizon of leached grey to white incoherent sand. This leached sand overlies a 
thick B horizon of dark brown to black humate-impregnated sand (Ly 1978; Thorn et a/. 1994). 
Timms (1976) has argued that the deep leaching of the dunes around Redhead Lagoon suggests 
that they are equivalent in age to the Inner Barrier system in the Williamtown and Myall Lakes areas 
(e.g. Thorn 1965). 
The Inner Barrier was formed around 140 ka at the culmination of the Last Interglacial Marine 
Transgression (Roy and Crawford 1980). The Transgression may explain how this marine/dune sand 
came to be on top of Dudley Bluff headland, which is around 120 m above modern sea-levels. A 
mechanism of dune mobilisation or dune transgression (through a process such as 'sand ramping'1) 
initiated by the transgressing seas is proposed as a likely explanation of the formation of these cliff-
top dunes (e.g. Pye and Bowman 1984; Short 1999). Pye and Bowman (1994) have demonstrated, 
using radiocarbon dates from several coastal dunefield locations in eastern Australia, that the period 
of rapid sea-level rise during the transgression that followed the last glaciation was accompanied by 
major transgressive dune activity. They have argued that in some coastal embayments in eastern 
Australia dunes became partially submerged by the rising sea, but that in others the dunes 'climbed' 
bedrock hills and transgressed older deposits. The evidence suggests that episodes of transgressive 
dune instability could have been initiated by shoreline erosion as a result of the rising sea-levels 
during this period. This mechanism was first proposed by Cooper (1958), who argued that in Oregon 
(USA), with a well watered and vegetated coast, dune erosion required a rising, eroding sea-level. 
Figure 8.3 provides a schematic illustration of the process of cliff-top dune formation along cliffed 
coastlines. In addition, Figure 8.4 illustrates examples of present day cliff-top dunes from various 
locations in Australia, formed during the Holocene Marine Transgression. During glacial periods the 
exposed continental shelf may have provided large supplies of sediment for dune building in a more 
arid/windier climate (e.g. Hann 1986; Lees eta/. 1990). 
1 
'Sand ramps' are topographically controlled landforms, which can develop against the upwind side of mountains, creating a ramp 
of sediment extending up the side of the topographic obstacle (Pease and Tchakerian 2003). In some cases the sand slope reaches 
the top of a topographic obstacle (Dudley Bluff headland in this instance), which allows aeolian sand to be transported into the lee of 
this topographic high. Lancaster and Tchakerian (1996) have suggested that sand ramps should be distinguished from climbing and 
falling dunes based on both their size and composite nature (they are composed primarily of aeolian sand, along with layers of 
fluvial and colluvial sediments derived from local sources}. 
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Short ( 1999) has recognised cliff-top dunes located on top of cliffs up to 150 m high occupying 
several hundred kilometres of southern Australia. Other authors have also identified fixed and highly 
podzolised cliff-top dunes along the NSW coast (e.g. Langford-Smith and Thorn 1969; Thorn eta/. 
1992). In particular, Thorn eta/. (1992) have noted the presence of cliff-top dunes in the region north 
of Redhead Lagoon, between Newcastle and Seal Rocks, NSW. These authors added that the 
sands are now stabilised by dune woodland, and appear to be derived from the masses of sand that 
form the transgressive dunes to windward. Transgressive dunes of Late Pleistocene-early Holocene 
age also mantle bedrock headlands at a few localities in southern NSW (e.g. Kurnell Headland and 
south of Jervis Bay) (Thorn 1978; Roy and Thorn 1981 ; Thorn et al. 1992). In addition, Law (1975) 
has argued that cliff-top dunes within the Royal National Park, just south of Sydney, were emplaced 
from south to north via naturally formed sand ramps that built up against and overtopped the older 
coastal cliffs. 
The evidence of active sand movement in this region around 70,000 years ago supports the work of 
Hesse et a/. (2004), who have suggested lower C02 levels at this time, which they argued could 
have resulted in a reduction in vegetation cover. This, combined with lower temperatures and rainfall , 
may have led to an increase in aeolian activity during this period. Sand dunes record times when the 
wind was sufficiently strong to rework the sand, without the confounding factor of limiting vegetation 
cover. Throughout the last full glacial cycle, winds were strong enough to reorganise sand into dunes 
if the sand was freely available (Hesse et a/. 2004). These authors have noted that the apparent 
absence of sand dune activity in studies so far is puzzling. However, they argued that the higher dust 
flux to the Tasman Sea at this time gives some reason to believe that evidence of sand dunes 
formed during MIS 4 would eventually be found. It is suggested here that such evidence has now 
been found at Redhead Lagoon. 
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Figure 8.2: The Inner Barrier system of the Newcastle-Port Stephens area. 
Source: Modified from Roy and Boyd (1996). 
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cliff 
n 
cliff-top dunes 
cliff-top dunes 
cliff-top.dunes 
cliff-top dunes 
.. 
1) Beach and dunefield 
Beach and dunes emplaced atbase of a 
cliffed or steeply rising coast These migrated across the 
continental shelf during a phase of marine transgressron, 
2) Beach and climbing dune complex 
Climbing dunes initiated and formed during 
the latter stages of the postglacial marine transgression . 
3) Beach, dunes, cliff and cliff-top dune complex 
The majority or sediment has been transferred to the cliff top, 
but a small beach/dunefreld or foredune remains at the base. 
4) Beach, cliff and cliff-top dune complex 
Climbing dune ramp removed once sea level attains highest posrtion. 
Occasional storms erode the beach and remove dune base. Cliff-top dunes 
may be vegetated and Inactive, or periodically activated by cliff retreat, 
destabilisation and subsequent wind erosion. Gullies in the cliff may provide 
feeder points within which dune and beach sands are driven up to the cliff top 
5) Cliff and cliff-top dune complex 
Sea level rises sufficiently to erode all the climbing dune 
port:Jon of the dune complex, or the sediment supply is diminished. 
Only a cliff-top dune is left. 
• 
6) Beach and cliff 
A beach may subsequently be formed once sea level stabilises. 
Figure 8.3: Schematic illustration of cliff-top dune formation. 
This f igure demonstrates types of attached barriers (e.g. cliff-top dunes) 
on c liffed coasts, such as Dudley Bluff Headland. 
Source: Modified from Short (1999). 
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Figure 8.4: Examples of present day cliff-top dunes in Australia. 
Source: Photographs reproduced with permission from Professor Andy Short, 
Professor of Geography at The University of Sydney. 
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8.3.2.2 Vegetation reconstruction (79 ± 5 to 70 ± 5 ka) 
The thick layer of sand that makes up Zones RH5 and RH6 in core f'12b (79 to 70 ± 5 ka) has 
particular implications for the interpretation of the pollen record in the core. In particular, most of the 
pollen contained within these zones was very badly degraded. Pollen is normally preserved only 
under anaerobic conditions, therefore the extremely low pollen concentrations, the degraded nature 
of the pollen and the low levels of taxonomic diversity that characterise this unit may be a function of 
the lithology of this part of the sequence. In addition, the OSL dates indicate that this layer was 
deposited in a very short period of time. The apparent lack of pollen may also be a product of the 
dilution of pollen concentrations by high rates of mineral sedimentatation. This process has been 
noted elsewhere [e.g. Lake Silvana, southeastern Brazil (Rodrigues-Filho and Muller 1999)]. 
The pollen that was found in Zones RH5 and RH6 was predominantly myrtaceous, most probably 
Eucalyptus, with the second most abundant taxon found being Asteraceae type B. Eucalyptus is a 
very widespread and essentially endemic genus of over 700 species in Australia, with a great range 
of forms, heights and densities (Read 1994; Wrigley and Fagg 2003). Eucalypts are located in all but 
the most extreme environments in Australia and therefore it is hard to deduce the environmental 
conditions of this period based on eucalypt pollen, unless identification has been made to species 
level. By contrast, Asteraceae type B represents a distinct 'blunted/spineless' pollen morphological 
type, regarded as an indicator of glacial conditions, although the source plant of this pollen taxon has 
not been positively determined (e.g. Edney et at. 1990; Kershaw et at. 1991 a; Macphail and Martin 
1991). Harle et at. (2004) have argued that the source plant of this pollen taxon may require cool, dry 
winters or perhaps just cooler winters than present in order to flourish. Towards the end of Zone 
RH5, the diversity of pollen types increase, suggesting a change in conditions (edaphic and/or 
climatic) favouring preservation of the pollen of a greater number of taxa. 
The highest ratios of dryland to aquatic taxa in the entire core are attained in these pollen 
assemblage zones. A high proportion of dryland to aquatic taxa indicates open water (although in 
this case it may indicate no water). The reverse indicates a high level of aquatic taxa and therefore 
'closed' water conditions (see Kershaw 1979). These zones are essentially devoid of all aquatic taxa, 
until small amounts of Rorippa, Haloragaceae, Myriophyllum and Restionaceae pollen appear in the 
latter part of Zone RH5. This is interpreted as indicating no permanent water in the lake basin until 
late in the period when the aquatic taxa present suggest relatively shallow water. 
There is very limited evidence of either microscopic or macroscopic charcoal fragments in this part 
of the core, with values reaching their lowest in the entire core throughout this unit. There are 
increased macroscopic charcoal levels when divided by the pollen concentrations (Figure 6.20). 
However, this is considered to be an artefact of the extremely low pollen concentrations, which are in 
itself a product of the high sedimentation rates during this period. 
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8.3.3 Palaeoenvironmental zones RH4 and RH3 (c. 70 to 28 ka): Core E12b 
(4.00 to 0.84 m) 
8.3.3.1 Sedimentology and dating (c. 70 to 28 ka) 
Palaeoenvironmental zones RH4 and RH3 span the middle section of the core sequence (4.00 to 
0.84 m). AMS radiocarbon ages ranging between c. 40,000 and 28,000 BP within this section 
indicate that these two zones span the early to middle period of the last glacial cycle. This includes 
the latter part of MIS 4 and parts of the interstadial MIS 3. As there are no chronometric ages for the 
core between 70 ± 5 ka and 40 ka the exact boundary between MIS 4 and MIS 3, which is thought to 
be approximately 59 ka (Pisias et at. 1984; Martinson et at. 1987), has not been determined. In 
addition, since the >30,000 BP ages are approaching the detection limit for radiocarbon dating (see 
Section 7.2.3), the ages obtained for Zone RH3 may be older than the radiocarbon data suggest. 
These two zones will therefore be discussed together. 
There is a transition from medium- and fine-grained quartz sands to a coarse silt unit with increasing 
amounts of charcoal fragments and organic matter within the initial part of Zone RH4 (4.00 to 
3.00 m). The remaining sections of Zone RH4 and Zone RH3 (3.00 to 0.84 m) consist predominantly 
of plant organic rich fine- to medium-sized silts, with increased charcoal and organic matter. The 
very sharp contact between the basal sand unit and the coarse silt unit may indicate a rapid shift in 
conditions and a dramatic change of sediment source or a hiatus in the record. It appears that 
conditions changed to allow the surface of the cliff-top dunes to stabilise, most probably through 
increased vegetation cover, and so ceased being a source for deposition into Redhead Lagoon. 
Mineral bulk density values decline dramatically above the basal sand unit, and remain constant at 
fairly low levels throughout these zones. This is most likely a function of both a change in lithology 
and a lower rate of deposition throughout this period. 
In these zones organic matter (plant stems and seeds) and charcoal fragments become more 
common. Post-coring shrinkage cracks and an increase in porosity (indicated by increasing moisture 
content) within these zones suggest finer deposits than those of the underlying zones. The remains 
of plant stems in growth position from the base of Zone RH4 until about 1.40 m are suggestive of 
lake conditions sufficiently shallow to allow the growth of plants. 
Values of loss-on-ignition increase to relatively constant levels, which may reflect an increase in 
organic input into the lake basin. Two sharp peaks in frequency-dependent magnetic susceptibility 
occur at depths around 1.60 and 1.00 m (values >10%) due to the presence of ultra fine 
ferrimagnetic grains. This may indicate the presence of topsoil (due to erosion or pedogenesis) or 
the presence of fire enhanced grains at these depths, although fire enhancement is unlikely as there 
are no corresponding peaks in the charcoal record (Figure 6.22). 
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8.3.3.2 Vegetation reconstruction (c. 70 to 28 ka) 
The change in sediment source from sand to silt sized particles corresponds with a dramatic 
increase in pollen preservation, abundance and diversity. Small trees and shrubs, and woody and 
herbaceous types of vegetation expand to their greatest relative levels in the sequence throughout 
these two zones. The ratio of arboreal to non-arboreal pollen in Core E12b (Figure 8.5) highlights the 
significant increase in non-arboreal taxa, possibly indicating drier and cooler conditions within these 
two zones. Studies of the modern pollen rain at this site (Section 8.2.2) suggest that non-arboreal 
and herbaceous types of taxa are generally under-represented in the fossil pollen spectra. Therefore, 
the herbaceous component of the vegetation during this period may be higher than the pollen 
diagrams indicate. 
The combination of taxa such as Leptospermum, Dodonaea, Calytrix, Banksia and Acacia suggests 
a drier and possibly harsher type of environment than today, as these are generally shrubs or small 
trees that can grow in open dry/coastal heath areas in poor sandy soils. Acacia and Dodonaea 
triquetra are very common in disturbed areas. Acacia in particular are tough, quick growing and 
opportunistic (pioneering) shrubs or trees that can quickly colonise cleared or disturbed areas. 
The highest levels of the herbaceous taxon Asteraceae type B are attained in these two zones, 
suggesting cooler glacial conditions during this period. The presence of Apiaceae has been 
interpreted as indicating annual mean temperatures at least 6'C lower than those of today (Kershaw 
and Bulman 1996). Significantly, this taxon occurs only throughout these two pollen zones. Traces of 
the alpine herb Aste/ia, particularly during Zone RH4, also indicate a cooler although open and sunny 
environment. However, there must also have been areas of moist soil in order to support this taxon. 
Traces of Pomaderris and Rutaceae in these zones indicate the presence of sheltered, moist places 
in woodland and periods of improved water balances. Absolute values of selected dryland taxa 
suggesting open and disturbed environments have been plotted in Figure 8.6 and clearly show the 
dominance of these taxa during the early glacial period. 
The other herbaceous types found in Zones RH4 and RH3 all generally prefer well drained and open 
situations. For example, Goodeniaceae (including Goodenia) is a family of herbs and shrubs that 
grows in woodland or heathland in open sunny positions. In addition, Chenopodiaceae and 
Aizoaceae are salt tolerant and are found in semi-arid and arid landscapes as well as salty estuarine 
or coastal environments (Read 1994). 
In contrast to the herbaceous taxa, the other trees category declines to its lowest levels in the 
sequence during these zones, between 50 and 60%. The relative decline in other tree taxa can be 
attributed to the increase in both the absolute and percentage values of other types of vegetation in 
these zones. Casuarinaceae (particularly >28 IJm), Angophora/Bioodwood eucalypts and Eucalyptus 
are predominant in the other tree category. Casuarinaceae are well adapted to dry conditions 
(Robinson 1994) and are found throughout the semi-arid and arid interior of the country as well as in 
the higher rainfall coastal areas (Read 1994). Angophora is widespread in open forests and 
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woodlands and like eucalypts can occupy a wide range of habitats, between wet alluvial valleys and 
the poorest, most exposed tops (Robinson 1994). 
Melaleuca, a genus commonly found in wet environments around lake edges (Robinson 1994) 
makes its first appearance in Zone RH4. However, values of Mela/euca decline not far above the 
base of Zone RH4 and remain low until near the top of Zone RH3. This may indicate higher water 
balances in the early stages of the last glacial followed by lower water balances as this period 
progressed. Zone RH4 also marks the first appearance of ground fern spores and occasional traces 
of Acmena, a genus commonly found in temperate rainforest. The greatest levels of Hydrocotle also 
occur during these zones, indicating permanent freshwater during at least parts of this period, 
possibly during MIS 3. 
Significantly, in the part of Zone RH3 above about 1.36 m (between c. 35,000 and 28,000 years ago) 
there is an increase in both absolute and relative values of Poaceae, along with a concurrent decline 
in relative values of Asteraceae type B and Apiaceae. The absolute diagram indicates that there is 
also a decline in absolute numbers of Apiaceae. However, the relative decline of Asteraceae type B 
above 1.36 m is not due to falling absolute numbers of this taxon but is a function of the increase in 
absolute representation of other taxa, such as Poaceae. These trends suggest a shift in the 
environment from a herbaceous steppe landscape to a more open grassland dominated landscape 
heading into the last glacial maximum. 
There is a dramatic increase in aquatic taxa abundance at the start of zone RH4 (c. 70 ka). The 
dryland to aquatic ratio decreases to almost insignificant levels throughout zones RH4 and RH3, 
indicating closed water (shallow) conditions during this period. Rorippa, which was present during the 
latter part of Zone RH5, persists until the latter stages of Zone RH4 after which it does not appear 
again in the sequence. Rorippa (marsh cress) is found on creek banks and in moist, disturbed 
places (Robinson 1994). Zone RH4 also marks the start of high levels of Haloragaceae (most likely 
Haloragis) and its genus Myriophyllum, which dominate the aquatic spectra throughout Zones RH4 
and RH3. Haloragaceae is a family of small shrubs and herbs, and Haloragis is found in moist 
swampy ground. Myriophyllum is an aquatic genus consisting of generally submerged aquatic plants, 
and is common in swamps or boggy marshes (Robinson 1994). Myriophyllum is generally found in 
fresh to slightly brackish water up to a metre deep (Sainty and Jacobs 1994). Myriophyllum flowers in 
response to lower and fluctuating water levels and an increase in this taxon may represent a 
decrease in water levels during the summer months when it flowers (Gell eta/. 1993). The consistent 
and elevated levels of Myriophyllum indicate an aquatic vegetation community occurring in shallow 
and fluctuating water depths. 
Smaller amounts of Cyperaceae, Triglochin and Restionaceae are also found throughout Zones RH4 
and RH3, and trace amounts of Menyanthaceae and Typha occur in the upper part of Zone RH3 
(MIS 3). In addition, an increase in Trig/ochin (above 1.36 m) may indicate low but more stable water 
levels from c. 35,000 years ago. Overall, the aquatic pollen record appears to indicate the presence 
of shallow and fluctuating water levels within the lake basin during most of this period. The fresh to 
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brackish conditions supported substantial amounts of aquatic and semi-aquatic taxa that appear to 
have colonised the lake basin and the moist areas fringing the lake. 
The ratio of Chenopodiaceae to Poaceae pollen has been used by Singh and Luly (1991) as an 
index of summer and winter rainfall patterns. Based on their findings at Lake Frome, South Australia, 
they suggested that communities with semi-succulent shrubs (e.g. Chenopodiaceae) are commonly 
associated with areas of winter rainfall, whereas grassland communities respond to summer rainfall 
in their general growth pattern. The Chenopodiaceae/Poaceae pollen ratio and its inverse for Core 
E12b are presented in Figure 8.7. The highest ratios of Chenopodiaceae/Poaceae occur during 
Zones RH4 and RH3, suggesting a possible dominance of a winter rainfall regime during this period. 
Some support for this thesis comes from the aquatic taxon Rorippa, which appears to favour sites 
that are submerged in winter and dry in summer (Press et at. 1981). Following its first appearance in 
the latter stages of Zone RH5, this taxon is only present during Zone RH4 throughout the rest of the 
sequence. These results suggest a landscape characterised by winter rains and dry summers. 
Significantly, the ChenopodiaceaetPoaceae pollen ratio declines above 1.36 m (c. 35,000 to 28,000 
BP), due to the rise in Poaceae, remaining low for the rest of the sequence. This suggests a possible 
change in climate above 1.36 m to a reduced dominance of winter rainfall. 
The correspondence analysis indicates that Zones RH4 and RH3 make up a distinct and stable unit 
that ends with a sudden change in the latter part of Zone RH3 above about 1.36 m (from c. 35,000 
years ago) (see Section 6.15). The major changes include an increase in Poaceae relative to 
Asteraceae type B and Apiaceae, an increase in Trigtochin suggesting a stabilisation of water levels, 
and a possible decrease in the dominance of a winter rainfall regime as indicated by a decline in 
Chenopodiaceae to Poaceae ratios. Radiocarbon dates indicate that this change occurs within the 
latter stages of interstadial MIS 3, a period that has elsewhere in Australia been noted for its pluvial 
characteristics (Section 3.3.3). However, this change may correspond with what Bowler et at. (2003) 
have recently assessed as the most significant climatic change of the last 60,000 years- increased 
and sustained aridity beginning about 40,000 years ago. Alternatively, this change may correspond 
with the suggestion from evidence within the ODP Site 820 record off northeastern Australia that the 
period between 45 and 36 ka was a time of high ENSO variability (Kershaw et at. 2003b) (see 
Section 9.2.2 for further discussion). 
It is important to add that the coastal location of Redhead Lagoon would have been differentially 
affected by a variety of processes during the last glacial period. For example, this period was 
characterised by oscillating sea levels (between -20 and -70 m MSL) which would have led to the 
exposure of the continental shelf (Thorn et at. 1992). Therefore the site would have been located 
further from the coast, as the continental shelf is between 25 and 50 km wide along this part of the 
east coast of Australia (Roy and Boyd 1996). Therefore, reduced moisture levels due to the greater 
distance of the site from the coast may also explain the presence of semi-arid types of vegetation at 
the site for most of this period. 
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Finally, a striking feature of these two zones is high and fluctuating values of microscopic and 
macroscopic charcoal fragments. Both the raw microscopic and macroscopic charcoal data and the 
charcoal expressed as a function of the pollen concentration show the same trends throughout this 
period. In addition, the megascopic charcoal fragments (>2 mm) that have been identified in this 
core occur only within these two zones. One explanation of the high level of charcoal is that it may 
reflect the increase in vegetation abundance during these zones, as indicated by the increase in 
pollen concentrations. A more arid type of climate, with a more dominant winter rainfall pattern may 
have led to a drying of the vegetation. Dry fuel during summers could have facilitated fire during this 
time, most probably initiated by summer lightning storms. Indeed significant electrical activity is not 
unusual during the summer months even in the contemporary environment. For example, during a 
12 hour period between the 24th and 25th of January 2004, 44,580 lightning strikes were recorded 
around New South Wales (EnergyAustralia 2004; Figure 8.8). 
Charcoal values remain high throughout these zones until the latter part of Zone RH 3 (1.20 m), 
around 35,000 years ago, when there is a sharp and uniform decline in area of both microscopic and 
macroscopic charcoal fragments. Fragments of megascopic charcoal also cease above 1.20 m 
depth. This decrease in charcoal concentrations follows the sudden change in the vegetation 
indicated by the correspondence analysis of the palynological data (see Section 6.15). The increase 
in more open types of vegetation in the immediately preceding period may have resulted in a 
decrease in the incidence of fire, and in turn charcoal concentrations. Alternatively, this change is 
within the generally accepted period of Aboriginal occupation of Australia, and human activities such 
as burning patterns also have to be considered when interpreting these results. This will be 
discussed in more detail in Chapter 9. 
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.. 
Figure 8.8: Time-lapse satellite image of lightning strikes recorded over a 12 hour 
period around New South Wales, between the 24th and 25th of January, 2004. 
Source: Reproduced from The Daily Telegraph, Wednesday January 2£!', 2004 
and EnergyAustralia. 
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8.3.4 Palaeoenvironmental zone RH2 (c. 28 to 10 ka): Core E12b (0.84 to 
0.60 m) and Core E12c (1.75 to 1.47 m) 
Palaeoenvironmental zone RH2 spans the period of transition between the relatively stable 
conditions seen in the early to mid last glacial period (Zones RH4 and RH3) and the present 
interglacial period (Zone RH1). Dating of Core E12b revealed that the early part of MIS 2, including 
the LGM, was missing from this core (see Section 7.2.4). Zone RH2 in Core E12b therefore spans 
only the latter stages of MIS 2 and in particular the Pleistocene - Holocene transition. Possible 
reasons for this hiatus in Core E12b were outlined in Section 7.2.4.2. The LGM and late glacial 
period, however, appear to be present in Core E12c. Therefore the early stages of MIS 2 are 
discussed using the results of E12c and the latter stages outlined using the results of Core E12b. 
8.3.4.1 Core E12c: the last glacial maximum and late glacial periods 
Sedimentology and dating 
The AMS radiocarbon ages obtained from between 1.75 and 1.64 m in Core E12c ranged from 
c. 17,000 to 10,000 years ago and indicate that the hiatus during MIS 2 in the record of Core E12b 
does not appear to have occurred in Core E12c. Only the samples between 1.75 and 1.64 min this 
core were processed for pollen counting. This means that no pollen results are available for this site 
between c. 28,000 and 17,000 years ago. 
Vegetation reconstruction 
The pollen results obtained for this section of Core E12c indicate that there was a significant change 
in the pollen spectra between Zones RH3 and RH2, correlating with MIS 3 and MIS 2, respectively. 
There is a significant rise in arboreal taxa relative to non-arboreal taxa during the height of the last 
glacial (MIS 2), which is in contrast with MIS 3, where herbaceous taxa are prominent (Figure 8.5). 
The dominant vegetation category during the latter stages of the LGM is overwhelmingly other trees 
(>80%). Close examination of the pollen diagrams for Core E12c (Figures 6.16b-c) reveals that the 
increase in arboreal taxa (other trees category) during the height of the last glacial period can be 
explained by the rise and dominance of a single taxon, Casuarinaceae. This taxon attains values of 
around 80% of the pollen total throughout most of MIS 2, compared with under 20% during the 
previous zone. 
Eucalyptus and degraded Myrtaceae types are the next most abundant taxa in the vegetation 
assemblage during latter stages of the LGM and the entire late glacial period. Small trees and 
shrubs are represented mainly by Monotoca, Callistemon, Leptospermum and Banksia. Woody and 
herbaceous vegetation is predominantly represented by Asteraceae (types A and B), 
Chenopodiaceae, native Plantago and Polygonaceae. Poaceae continues to be fairly well 
represented, following the start of the rise of this taxon during the latter stages of Zone RH3 (MIS 3). 
N J Williams Chapter 8: Environmental reconstruction at Redhead Lagoon 225 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
While some of these taxa can grow in many types of environments, most of them are found in dry 
coastal heaths and scrubs, and open sclerophyll woodland vegetation assemblages. The dryland 
pollen record therefore appears to indicate a dry environment at tiJis site with less complex 
vegetation communities during the latter stages of the last glacial. It is likely that this period was 
more arid than present, possibly due to climatic factors such as lower temperatures and steeper 
pressure gradients along with a reduced maritime influence associated with the increased distance 
to the coastline under conditions of low sea level (between 18 and 35 km further east of present 
location). 
The aquatic vegetation assemblage is dominated by Myriophyllum, with values reaching in excess of 
20%. High levels of this aquatic taxon suggests shallow and fluctuating water levels at this time. In 
addition, the dryland to aquatic taxa ratio remains fairly low and consistent, suggesting the presence 
of swamp vegetation across the site. Traces of Cyperaceae, Eleocharis, Haloragaceae, Triglochin 
and Restionaceae are also found towards the latter stages of this sequence. This trend is interpreted 
as indicating increasing stabilisation of water levels, and the transition to the next successional stage 
in the aquatic vegetation, possibly as a result of slightly deeper and fresher water conditions leading 
into the Pleistocene- Holocene transition. 
The trend of low charcoal values recorded in the latter stages of Zone RH3 (from c. 35,000 years 
ago), continues throughout MIS 2. This may be a result of the expansion of grassland and more 
open types of vegetation. However, there are continued low levels of charcoal throughout this zone, 
even though there is an increase in arboreal vegetation, which might have been expected to facilitate 
higher charcoal concentrations. Harle et a/. (2004) have suggested that the presence of aquatic 
vegetation can have a filtering effect on the quantity of charcoal deposited in a lake basin and this 
may explain the low charcoal concentrations throughout this zone (MIS 2). A close examination of 
the aquatic taxa and charcoal records, however, reveals that there are relatively low levels of aquatic 
taxa throughout MIS 2 at this site. In addition, there are high levels of aquatic taxa throughout zones 
RH4 and 3 (MIS 4 and 3), which also record the greatest levels of charcoal in the sequence. The 
aquatic vegetation at this site thus does not appear to be acting as a filter for charcoal deposition into 
the Redhead Lagoon lake basin and the continued low levels of charcoal throughout MIS 2, 
therefore, must reflect a change in burning regimes. 
The results obtained from Core E12c indicate that the latter stages of the last glacial maximum and 
late glacial was a fairly stable period, characterised by low sedimentation rates (Figure 6.11a) and 
shallow, fluctuating water levels in the lake basin. A predominantly Casuarinaceae dominated open 
woodland with a Poaceae and Asteraceae understorey covered the landscape. Notably, there is no 
evidence for the short-term climatic oscillations that have been noted elsewhere during this period in 
the record of Core E12c (see Section 3.2.2). 
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8.3.4.2 Core E12b: Pleistocene-Holocene transition (c. 12,000 to 10,000 BP) 
Sedimentology and dating 
A total of seven AMS radiocarbon ages (excluding the AMS radiocarbon ages obtained on samples 
of isolated pollen- see Section 7.2.4.2) have been obtained between 0.84 and 0.60 m of Core E12b. 
These ages range between c. 12,000 and 10,000 BP and indicate that this section of the core spans 
the Pleistocene- Holocene transition. 
The Pleistocene - Holocene transition was a time of change between two extremes, the last stages 
of the glacial period and the onset of the current interglacial period. Accordingly, some of the most 
dramatic changes recorded in Core E12b occur in palaeoenvironmental zone RH2. For example, 
during the initial stage of this period, there are significant peaks in volume magnetic susceptibility, 
bulk density and mineral bulk density values, while loss-on-ignition values are extremely low. High 
susceptibility values are generally indicative of higher minerogenic input, often under conditions of 
environmental disturbance. The magnetic and sedimentological results therefore indicate increased 
minerogenic sediment influx during this period. In addition, there are dramatic fluctuations in pollen 
concentrations (including the highest levels attained within the sequence), along with sharp 
decreases and increases in many taxa. There is also an overall increase in unknown and 
indeterminable taxa within this zone. 
Vegetation reconstruction 
Casuarinaceae continues to be the overwhelmingly dominant taxon throughout the latter stages of 
the last glacial, reaching its highest absolute levels in the sequence and around 80% of the pollen 
sum. The significant increase in this one taxon appears to be responsible for the relative decline of 
taxa from many other vegetation categories, which do not decline in terms of absolute values (e.g. 
Angophora/Bioodwood eucalypts, Eucalyptus from the other trees category, Monotoca, Fabaceae, 
Acacia and Callistemon from the small trees and shrubs category and Asteraceae (types A and B), 
Chenopodiaceae and Poaceae from the woody and herbaceous category). Angophora/Bioodwood 
eucalypts actually reach their greatest absolute representation during this zone. Angophora can 
occupy a wide range of habitats. However, the most likely representative of this pollen type at this 
site, Angophora costate, is widespread in open woodlands and coastal heath on sandstone areas in 
New South Wales. 
Small tree and shrub taxa generally found in dry coastal heath and scrub such as Callistemon and 
Monotoca reach their highest absolute levels throughout the sequence between 12 to 10 ka. In 
addition, Gyrostemonaceae, a taxon that is today usually found in dry, inland areas of Australia, 
attains its highest levels during this period. The main herbaceous taxa present during this period 
include Poaceae, Asteraceae (types A and B), Chenopodiaceae and native Plantago. In addition, 
there are traces of Xanthorrhoea, Brassicaceae and the club moss Selaginel/a. Brassicaceae and 
Selaginella attain their greatest abundances throughout the sequence during this period. These both 
indicate an open environment, as Brassicaceae is a family of low to tall herbs that are widespread in 
N J Williams Chapter 8: Environmental reconstruction at Redhead Lagoon 227 
The environmental reconstruction of the last glac1al cycle at Redhead Lagoon_ eastern NSW 
open situations and Selaginella prefers moist conditions and well drained soils in open sunny 
positions (Bodkin 1991). 
Significantly, a number of taxa that were prominent throughout the early to mid glacial period (MIS 4 
and 3) either decline substantially or disappear during the final stages of the last glacial. These 
include Apiaceae, Araliaceae, Astelia, Goodeniaceae and Dodonaea triquetra (Figure 8.6). These 
taxa broadly indicate colder, or at least more open and disturbed environments, and their decline 
may be as a result of increasing temperatures and vegetation cover during the Pleistocene -
Holocene transition in comparison to the earlier glacial stages represented by Zones RH4 and RH3. 
Low water balances may also have occurred during the Pleistocene - Holocene transition as 
Melaleuca drops to its lowest levels throughout the sequence, apart from the basal sand unit zones, 
and there is significant fluctuation in levels of degraded Myrtaceae pollen. In addition, moist 
environment indicator taxa such as Pomaderris and Rutaceae decline and disappear, respectively, 
during this period. 
The dryland pollen record therefore suggests that the Pleistocene- Holocene transition was a period 
of significant fluctuation at Redhead Lagoon, possibly characterised by a harsh, dry (semi-arid) 
environment. The major features include the continued representation following the height of the last 
glacial of a Casuarinaceae-dominated open sclerophyll woodland in association with grassland, in 
conjunction with elevated catchment erosion levels leading into the Holocene period. 
There is a general decrease in the abundance of aquatic taxa during the Pleistocene - Holocene 
transition. In particular, the high levels of Haloragaceae, Myriophyllum and Triglochin attained in the 
previous zones decrease significantly in Zone RH2, while there are fluctuating values of both 
Cyperaceae and Restionaceae. These results may reflect a shallowing of lake levels during this 
period, possibly as a result of increased sedimentation and lower water balances. Lower water 
balances may have been caused by an increase in evapotranspiration, as a result of increasing 
temperatures during this period of rapid climatic amelioration. 
The trend of low microscopic and macroscopic charcoal concentrations during the height of the last 
glacial and the late glacial period continues throughout the Pleistocene - Holocene transition. 
However, there is a discrepancy between macroscopic and microscopic charcoal concentrations 
during this period (Figure 6.22). For instance, between 0.84 and 0.80 m (c. 10,000 BP), microscopic 
charcoal values remain low whereas a sharp, although moderate peak in macroscopic charcoal 
concentrations is recorded at this depth. Macroscopic charcoal concentrations tend to reflect the 
catchment fire regime, rather than more regional fire regimes. The peak in macrocharcoal values 
therefore indicates that there was some fire activity in the catchment during this period. 
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8.3.5 Palaeoenvironmental zone RH1a-d (c. 10 ka to the present): Core E12b 
(0.60 to 0.00 m) and Core F4c (2.60 to 0.00 m) 
The uppermost zone of Core E12b, palaeoenvironmental zone RH1 (0.60 to 0.00 m), spans the 
Holocene period (c. 10,000 years ago to the present). This zone has been divided into three distinct 
periods for discussion: 
1. Zone RH1 (Core E12b): the early to mid-Holocene (c. 10,000 to 6,500 years ago); 
2. Zones RH1d, RH1c and RH1b (Core F4c): the mid to late Holocene (c. 6,500 years 
ago to c. 1860 AD); 
3. Zone RH1a (Core F4c): the European period (c. 1860 AD to the present). 
AMS radiocarbon dating results indicate that the early to mid-Holocene lies between 0.60 and 0.20 m 
in Core E12b and the mid to late Holocene period forms the uppermost 0.20 m of this core. 
An AMS radiocarbon age from 2.60 to 2.56 m in Core F4c reveals that this core extends from the 
mid-Holocene (6,530 ± 60 BP) to the present. Given the higher rate of sedimentation in Core F4c, 
and therefore the higher environmental resolution, the results from this core will be used to 
reconstruct the environmental history of the mid to late Holocene period. This includes the period 
since European settlement in the catchment (c. 1860 AD). Four distinct pollen assemblage zones 
have been identified in Core F4c. As these four zones overlap with zone RH 1 identified within Core 
E12b, they have been labelled RH1d-a. Zones RH1d-b span from c. 6,500 years ago to c. 1860 AD, 
while Zone RH1a covers the period since European settlement in the catchment (post c. 1860 AD). 
8.3.5.1 Early to mid-Holocene (c. 10,000 to 6,500 years ago) 
Sedimentology and dating 
The upper 0.60 m of Core E12b consists of organic rich silts. Above 0.52 m there is a marked fall in 
magnetic susceptibility and bulk density values, and a concurrent rise in loss-on-ignition values. This 
is interpreted as reflecting an increased plant organic input from the early Holocene, which has 
continued until the present. Above 0.52 m there is also a rise in moisture content, which is indicative 
of greater porosity and thus finer grained sediments throughout the early Holocene. These results 
support evidence from many other sites indicating that the early Holocene was a period of increased 
precipitation and higher temperatures, after the harsh conditions of the glacial period (see Sections 
3.3.6.1-3.3.6.2). The highly organic nature of deposition into the lake basin during this period also 
means that sediment accumulation rates (which take only minerogenic accumulation into account) 
remain low throughout the early Holocene. 
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Vegetation reconstruction 
The pollen evidence indicates that the Casuarinaceae dominated open woodland established 
towards the end of the last glacial period (Zone RH2) continued to be important in the regional 
vegetation during the early to mid-Holocene (Zone RH1). Small amounts of Cupressaceae, 
Angophora/Bioodwood eucalypts, Eucalyptus and Melaleuca pollen suggest their presence, either as 
minor co-dominants of the canopy and/or as small pockets of sclerophyll dominated woodland, 
amongst the Casuarinaceae dominated woodland. Melaleuca may also have been growing on the 
margins of Redhead Lagoon. The low representation of small tree and shrub taxa as well as woody 
and herbaceous taxa is consistent with the occurrence of open woodland, signifying minimal 
understorey scrub or heath. Significantly, this zone marks the end of the dominance of the glacial 
indicator taxon Asteraceae type B, with only rare traces of this pollen type found in the latter parts of 
the Holocene. In addition, the colder and more open and/or disturbed environments indicator taxa 
that were so prominent throughout the last glacial period (Zones RH4 and RH3; Figure 8.7) are not 
present during this section of the core. These results support the sedimentological evidence that 
indicates a warmer and wetter climate in the Holocene. In addition, the number of indeterminable 
and unknown grains dramatically decreases during this period, to their lowest levels throughout the 
entire sequence. This indicates more favourable conditions for pollen preservation, i.e. permanently 
moist, anaerobic and little opportunity for mechanical damage during transport. 
Following the transition into the early Holocene, above 0.44 m in Core E12b, there is an increase in 
small tree and shrub, and woody and herbaceous taxa, resulting in an overall increase in taxon 
diversity. Within these categories, increases in Rutaceae, Coprosma, Amaranthaceae (probably 
Altemathera), fern spores and the wet sclerophyll forest indicator taxon Pomaderris indicate the 
development of more sheltered, moist conditions in the early to mid-Holocene. A similar combination 
in a record from Tower Hill in southwest Victoria, for a similar time period was interpreted as the 
attainment of maximum effective precipitation levels (D'Costa et at. 1989). In the Redhead Lagoon 
record, such an interpretation is supported by the corresponding increase in rainforest and tree fern 
taxon diversity. Given the under-representation of rainforest taxa in the pollen record (Section 8.2), 
the incidence of rainforest taxa during this period may have been much higher than the pollen 
evidence suggests. Overall, the dryland vegetation changes above 0.44 m indicate the expansion of 
a wet sclerophyll forest vegetation assemblage in the early to mid-Holocene at this site. 
The increase in pollen types indicating higher water balances during the early to mid-Holocene is 
concurrent with a sharp and dramatic rise in the Poaceae/Chenopodiaceae pollen ratio at 0.44 m. 
This is interpreted as representative of a possible switch to a summer rainfall dominated climatic 
regime (Figure 8. 7) as the modern pollen rain of Poaceae is positively correlated with summer 
rainfall (Singh and Luly 1991). An increase in summer rainfall during the early and middle parts of the 
Holocene at Redhead Lagoon may be linked with findings from other terrestrial and marine pollen 
records in Australia, including Lake Frome, central Australia (Singh and Luly 1991) and marine core 
GC-17, off northwestern Western Australia (van der Kaars and De Deckker 2002). It has been 
suggested that this may be the result of the operation of a persistently positive Southern Oscillation 
Index that led to the strengthening of summer monsoon incursions into the more arid and southern 
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regions of Australia (e.g. Singh and Luly 1991 ). At Lake Frome in South Australia these monsoon 
incursions from the north possibly shifted south from as early as c. 13,000 years ago and brought 
summer rains with them until c. 4,500 to 4,000 years ago (Singh and Luly_1991). 
The aquatic assemblages suggest the occurrence of a hydroseral succession in Redhead Lagoon 
throughout Zone RH1. Haloragaceae and Myriophyllum values continue to decrease from the start of 
this period, reaching their lowest values since their first appearance at the start of Zone RH4. The 
very low percentages of Myriophyllum and a corresponding increase in the dryland to aquatic taxa 
ratio suggest more stable water levels and greater open water (and possibly deeper levels) as the 
Holocene period began. Above 0.44 m there begins a sustained increase in Cyperaceae and 
Eleocharis values. This corresponds with the possible switch to a more summer rainfall dominated 
climatic regime and increases in dryland taxa that indicate maximum effective precipitation. The 
aquatic taxon Hydrocotle also returns in this period after its complete absence during the height of 
the last glacial period (Zone RH2), indicating the return of more permanent freshwater conditions 
(Sainty and Jacobs 1994). Overall, the aquatic taxa record suggests a fairly extensive Cyperaceae 
swamp margin around the edge of the lake and possible fresher and deeper water conditions as 
Eleocharis can grow in water up to 3 m deep (Sainty eta/. 2000). 
Following their reduction in the previous zone, both microscopic and macroscopic charcoal levels 
remain low at the start of the Holocene. Above 0.44 m (from c. 9,000 BP) however, values of both 
microscopic and macroscopic charcoal concentrations start to increase. This corresponds with many 
changes in the pollen record at the same depth. These include increases in taxa such as Eucalyptus 
and Poaceae, increasing organic deposition into the lake basin and higher effective precipitation 
(water balances) in the early to mid-Holocene. Higher rainfall may have not only promoted the growth 
of additional fuel to burn, but also provided a mechanism to transport the charcoal into the lake 
basin. Both these factors appear to have not been in operation throughout the height of the glacial 
period. Alternatively, the increases in the 'fire adapted' taxon, Eucalyptus, and the expansion of 
grassland may have been promoted by the activities of Aborigines (see Section 9.4 for further 
discussion). 
Correspondence analysis indicates that the sample between 0.48 and 0.44 m probably represents a 
short transitional phase between the distinct earlier and later parts of the Holocene. Those samples 
above 0.44 m appear to be correlated with a shift in climate, particularly in terms of increased water 
balances, during the early to mid-Holocene. 
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8.3.5.2 Mid to late Holocene (c. 6,500 years ago to c. 1860 AD) 
The Postglacial Marine Transgression terminated approximately 6,500 years ago, with sea levels 
close to present levels (± 1 m) (Thorn et at. 1992, 1994). Thorn et at. f1992) have argued that the 
period immediately following the termination of the marine transgression was one of marked 
geomorphological change. Sea level had been rising at a rate of 10 mm per year or more. However, 
a new set of equilibrium conditions was initiated when the transgression ceased. For example, in the 
Newcastle Bight, there was aeolian instability with 'outer' sand barriers initiated within 500 to 1,000 
years of sea level reaching its present position (Thorn et at. 1992). The infilling of local estuaries and 
coastal lagoons also began during this period. 
Sedimentology and dating 
The sedimentological results from Redhead Lagoon indicate continued organic-rich deposition and 
wetter conditions throughout the mid to late Holocene as mineral bulk density values remain low, 
while loss-on-ignition values reach their highest levels in the sequence in the late Holocene. 
Vegetation reconstruction 
The dryland pollen results suggest the continued presence of both open and wet sclerophyll 
forest/woodland vegetation assemblages co-existing with a grassland understorey. In addition, 
increases in Leptospermum and Banksia indicate that areas of coastal heath growing on sandy soils 
would have been present during this period. The dominant open sclerophyll pollen types continue to 
be Casuarinaceae (particularly <23 ~m), Angophora/Bioodwood eucalypts, Eucalyptus and 
Melaleuca. There is a decrease, however, in the overall percentage values of Casuarinaceae, which 
had been the dominant taxon since the start of Zone RH2 (MIS 2). This is not a consequence of a 
decrease in pollen concentration but the result the rise in both the absolute and percentage 
incidence of taxa such as Eucalyptus and Melaleuca. The pattern of an initial rise of Casuarinaceae 
in the early Holocene, followed by a decline in proportion to Eucalyptus in the mid to late Holocene is 
evident in a number of sequences from southeastern Australia. This is discussed in more detail in 
Section 9.4. Both Eucalyptus and Melaleuca attain their highest levels in the entire sequence during 
the mid to late Holocene. Melaleuca quinquenervia has been distinguished from other Mela/euca 
species in the record, and this species reaches its highest levels during the mid to late Holocene. 
This may indicate the start of the dominance of this swamp and marsh loving taxon along the lake 
margin, where it is so prevalent today at Redhead Lagoon. 
The greatest abundance and diversity levels of rainforest, wet sclerophyll and moisture/shelter loving 
taxa occur in the mid to late Holocene. This group is primarily made up of Acmena, with smaller 
amounts of £/aeocarpus, Bauera, Myrsinaceae, Pomaderris, Rubiaceae (probably Asperula), 
Baeckea, Podocarpaceae and the tree fern Cyathea, along with ground ferns. There is also a trace 
amount of Nothofagus moore/, which is characteristic of cool temperate rainforests (Read 1994). 
This species has been found in pollen records from the Barrington Tops region from c. 15,000 years 
ago (e.g. Sweller and Martin 2001), and this is the most likely source area of this particular pollen 
type at Redhead Lagoon. 
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The understorey plants of Poaceae and ground ferns expand to their greatest levels in the mid to late 
Holocene. The abundance of these taxa and in particular the increase in Poaceae, which is almost 
solely responsible for the overall relative increase in herbaceous taxa, P.?SSibly indicates increasing 
disturbance to vegetation patterns throughout the period. The other pollen taxa do not indicate any 
particular climatic stress at this point - nor was there an increase in Poaceae at times of known 
climatic stress in earlier parts of the glacial period. Explanations other than climate must therefore be 
considered for the rise in disturbed ground taxa indicators in the mid to late Holocene. This 
vegetation change falls within the period of accepted Aboriginal occupation, and coincides with a 
period of higher levels of microscopic and macroscopic charcoal in the core. Many authors have 
argued that Aborigines used fire as a tool for many purposes, including the maintenance of 
grasslands in order to gather food and resources (e.g. Jones 1969, also see Section 3.4.3.2). This 
may be the explanation for the increase in both charcoal concentrations and grassland understorey 
pollen at a time of no apparent particular climatic stress. 
Following the increase of Cyperaceae and Eleocharis from the early Holocene, both these taxa 
reach their maximum for the entire sequence in the mid to late Holocene. Restionaceae and Typha 
also attain their highest concentrations for the entire sequence. In addition, there is a slight peak in 
Triglochin during this period in Core E12b. However, the higher resolution record of Core F4c 
indicates a more substantial presence of Triglochin since c. 6,500 years ago. Increases in these 
taxa, together with a continued rise in the dryland to aquatic taxa ratio, indicates more open (possibly 
deeper), stable and freshwater conditions in the lake basin. This appears to be a continuation of the 
hydroseral succession seen from the early glacial period at this site, with the final stage being a 
fringing swamp community of Cyperaceae, Restionaceae and Typha. 
Core F4c preserves a detailed record of the changes in the period immediately prior to the start of 
European settlement in the catchment- Zone RH1 b. Figures 6.17a-<: indicate that there were some 
sudden changes in the very latter period of the Holocene (c. 3,000 years ago to c. 1860 AD). For 
example, this zone is marked by very high pollen concentrations which may indicate low 
sedimentation rates. 
Zone RH 1 b also marks the start of fluctuations in the summary percentage values of the major 
vegetation types. For example, although the absolute counts of many of the tree taxa actually attain 
their highest values for the entire sequence within this zone, there is a sharp decrease in the 
percentage of other tree pollen. This may be explained by the corresponding rise in both absolute 
and percentage values of small trees and shrubs and herbaceous taxa pollen. In addition, there is a 
sharp increase in the incidence of most aquatic taxa during this zone. 
Thorn eta/. (1992) have argued that although the last 3,000 years have been a period of much less 
geomorphic activity than that immediately following the termination of the last marine transgression, 
there is evidence for surges of aeolian activity behind open-ocean beaches in the region. Two 
distinct phases are inferred from dated sequences and soils from Newcastle Bight, Eurunderee and 
Seal Rocks. The first was between 3,000 and 1,500 years ago, and the latter in the last 500 years. 
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Thorn (1978) tentatively correlated the latter period with global climatic deterioration during the Little 
Ice Age, speculating that this was a period of higher intensity east coast storms and stronger 
onshore winds. These periods of climatic deterioration perhaps correlate with the period of change 
just before the arrival of permanent European settlement in the catchment of Redhead Lagoon 
(Zone RH1 b). 
8.3.5.3 European settlement period (c. 1860 AD to present) 
Sedimentology and dating 
The arrival of permanent European settlement led to significant environmental changes within the 
lake catchment. One of the most dramatic changes was a sudden increase in sediment 
accumulation rates at site F4c, with values in excess of 0.80 kg m·2a·1 between c. 1860 and 1897 
AD, equivalent to over 60 times the value of the preceding period (see also Franklin et at. 2003). 
Land use during the initial period of European settlement was dominated by small-scale agricultural 
activities, such as citrus orchards. The high erosion rates during this period suggest that these 
activities involved some land clearing which has clearly disturbed the catchment surface. 
Vegetation reconstruction 
The arrival of permanent European settlers in the catchment (c. 1860 AD) is indicated by the first 
appearance of exotic indicator species in the fossil pollen record. These include species such as 
Plantago /anceolata and large Poaceae grains (>50 ~m) found at 0.16 m depth in Core E12b and 
within Zone RH1a of Core F4c. In addition, traces of the exotic pollen Pinus are found in Core E12b. 
The sudden increase in erosion/sedimentation rates is reflected by the abrupt decrease in pollen 
concentrations. The absolute values of dry/and pollen show a sharp decrease in all taxa, apart from 
ground ferns. In contrast the percentage pollen results, which are independent of changes in 
sediment accumulation rates, indicate that there was a corresponding increase in herbaceous taxa. 
However, as the absolute values decline during this period, the increasing percentage of herbaceous 
taxa is most likely an artefact of the decline in some of the major taxa (i.e. tree taxa). In particular 
there is a sharp reduction in Acmena, Casuarinaceae and Eucalyptus values which may indicate the 
selective clearing of these trees during the initial phase of European settlement in the catchment. 
The increases in both absolute and percentage values of ground ferns and increases in the 
percentage values of herbaceous taxa relative to arboreal taxa, may also indicate disturbance of the 
catchment surface throughout this period. Following this initial period of European settlement, 
sediment accumulation values have declined. However, sedimentation rates have remained higher 
than those of any other period throughout the last 75,000 years, indicating a continuation of 
disturbance of the catchment surface throughout this period. 
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Pollen concentrations increase slightly following initial European contact. An open sclerophyll 
woodland primarily consisting of Casuarinaceae, Eucalyptus and Melaleuca types continues to 
dominate the pollen spectra, with smaller amounts of Cupressaceae, Myrsinaceae and 
Angophora/Bioodwood eucalypts contained within this woodland. In addition, there are significant 
declines in Leptospermum and the other small Myrtaceous trees and shrubs that have been 
prevalent in the small trees and shrub record thus far. This suggests a decline in the understorey 
layer of the woodland and the development of a more open woodland during the initial stages of 
European settlement. 
There is a small reduction in absolute numbers of herbaceous taxa following initial European 
contact, although the herbaceous taxa continue to be dominated by Poaceae, followed by taxa such 
as Chenopodiaceae and Asteraceae (Tubuliflorae). Additionally, there is a sharp increase in the 
percentage value of all woody and herbaceous taxa (>25%) for the uppermost sample of Core F4c, 
which can be attributed to the increase of one taxon in particular, Poaceae. This may indicate land 
clearing or continued disturbance throughout the more recent European phase. 
In this general region the presence of tall trees, and in particular Eucalyptus, together with open and 
grassy areas was noted by several early European settlers. Possibly the earliest historical accounts 
of the environment in the Dudley region are those of the Reverend Threlkeld. He established a 
'mission to the Aborigines' at Batabah (Belmont) in 1826, located approximately 20 km south of 
Redhead Lagoon (Sokoloff 1976; Turner 1980a). Threlkeld (cited in Gunson 1974) made the 
following observation of the environment in the region on a journey from Newcastle to Belmont: 
... the path or cart-track [between Newcastle and Lake Macquarie] ... passed through a hilly country 
covered with forests. The gum trees were the most prevalent, and many of them were of great size, 
growing close together without any underwood ... occasional sight of a black and withered trunk, from 
which the bark has been stripped by the natives to make canoes, or by the settlers to roof their houses ... 
Another early European account of the vegetation in this region was made by Dawson (1830), who 
observed that the vegetation was: 
... open and grassy ... but generally thickly timbered with tall trees, both in the valleys and on the tops of 
the highest hills ... 
There is a dramatic and sudden increase in microscopic charcoal levels following the arrival of 
European settlers in the catchment. This appears to follow the initial decline in tree taxa and is most 
likely due to the land clearing activities of the first European settlers. In addition, the significant 
decline in Leptospermum, which co-incides with this increase in microscopic charcoal levels, could 
indicate a sustained increase in fire activity during the European period (e.g. Kodela 1996). 
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The dryland to aquatic taxa ratio has declined substantially since European settlement (Zone RH1a), 
indicating more closed water (shallow) conditions. The aquatic taxa assemblage since the arrival of 
Europeans in the catchment continues to be overwhelmingly dominated i;ly abundant absolute values 
of Triglochin and to a lesser extent Cyperaceae (including Eleocharis). This may also indicate 
moderately low lake levels during this period. 
Typha reaches its greatest absolute and percentage abundance in the sequence of Core F4c during 
this zone, although it should be noted that greater absolute numbers of Typha were found earlier 
(during the mid to late Holocene period) in the longer record of Core E12b. Typha is a vigorous 
grower and may out-compete and dominate in shallow areas receiving runoff containing elevated 
levels of nutrients (SWC Consultancy 1998). The increase in Typha in the European period may 
therefore be a response to an increase in nutrients as a result of agricultural and urban activities in 
the catchment. This explanation has been advanced to explain post-contact increases in Typha at 
other sites in New South Wales, including Trenerry Reserve (Dodson eta/. 1995) and Wingecarribee 
Swamp (Kodela 1996). 
8.4 Aberrant pollen 
Pollen grains are cells, and the size to which a cell grows is a product of both genetics and 
environment. Therefore, there is palaeoenvironmental information in the size of fossil pollen grains 
(Fienley 2003). As pollen grain size is influenced by the laboratory preparation technique and grains 
can often be distorted anyway, it is not useful to measure pollen size directly (Fienley 2003). 
However, in some pollen types, the number of apertures is also variable (e.g. Nothofagus). Flenley 
(2003) has argued that when the variation is within one species it is reasonable to assume that more 
apertures occur on the larger grains. Variation in the number of apertures has been previously noted 
for taxa such as Alnus glutinosa in Britain. Godwin (1964) postulated that this particular variation 
might have resulted from hybridisation with another Alnus species (Alnus incana). However, this 
particular species does not occur in Britain today and such an explanation seems unlikely (Fitter 
1978; Flenley 2003). Another explanation put forward relates to meteorological conditions. As pollen 
develops in the late summer of the year before it is shed, it has been argued that perhaps pollen 
pore numbers relate to hours of sunshine, or growing season days (Fienley 2003). A preliminary test 
by Lageard (1987) related the mean pore number of 300 grains to mean sunshine hours in different 
areas of Britain, suggesting that there could be a relationship. 
A significant number of 'aberrant' Casuarinaceae grains was found within the cores obtained from 
Redhead Lagoon. Casuarinaceae were classed as 'aberrant' if they possessed either two or four 
apertures (pores), rather than the usual three apertures (Figure 8.9). Close examination of Figure 
6. 15c reveals that there were very few aberrant Casuarinaceae in the record until the Pleistocene-
Holocene transition (Zone RH2). During this period they increased substantially, and remained at 
high, although fluctuating, levels for the remainder of the Holocene. As this increase corresponds 
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with the start of climatic amelioration after the end of the last glacial it is possible that the incidence 
of these aberrant grains is related to a change in climatic conditions. Alternatively, in the most 
comprehensive reference on the Casuarinaceae family, Kershaw (1970) examined 34 species of this 
. 
family and found that a particular group (the Casuarina distyla group) was characterised by great 
variation in pore number. Kershaw (1970) suggested that polyploidy (multiple sets of chromosomes) 
may have been the cause of this variation, as all species known to contain polyploid members 
showed much more pore number variation. Supporting the explanation of pore number variation is 
the observation that one member of this polyploidy Casuarinaceae group is Casuarina littoralis (or 
Allocasuarina littoralis) . There are only two members of the Casuarinaceae family present at 
Redhead Lagoon today, and Allocasuarina littoralis is one of them. Therefore, it seems most likely 
that the increase in aberrant Casuarinaceae since the end of the Pleistocene is related to the 
establishment and increase in Allocasuarina littoralis since this time. 
2 pores 
. 28.9 ~ 
4 pores 
1. 26.2 J,Jm 
5 pores ~ I . 
Figure 8.9: Examples of aberrant Casuarinaceae grains found at Redhead Lagoon. 
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8.5 Summary 
The first section of this chapter described the modern vegetation-pollen dynamics at Redhead 
Lagoon and compared these results with the findings of other studies. Most of the modern pollen 
taxa at the site appear to be under-represented, with only a small number of taxa over-represented. 
The only group that has the majority of its taxa well-represented is the other trees group, with 
Eucalyptus in particular being over-represented in the pollen spectra. These findings generally agree 
with those of other modern vegetation-pollen dynamics studies in southeastern NSW. 
The next section examined the palaeoecological record which appears to indicate a pattern of 
predominantly climatically induced changes over the last 75,000 years. The interpretations made of 
this record have been used to construct a schematic summary diagram of what the environment 
around Redhead Lagoon might have looked like during each palaeoenvironmental zone (Figure 
8.10). 
During the initial stages of the last glacial period (from c. 75 ka) the site formed part of a mobile dune 
system, lacking any permanent water. The lithology of the sediments resulted in poor pollen 
preservation, with implications for the reliability of the vegetation reconstruction during this period. 
However, some fossil pollen was preserved and indicates that the catchment was virtually 
unvegetated, possessing only semi-arid communities. The dryland vegetation appears to have been 
predominantly composed of a low woodland/herbland vegetation association, with myrtaceous types 
and the glacial indicator taxon Asteraceae type B dominating the landscape. 
As the glacial period progressed, the incidence of herbaceous and generally hardy taxa increased 
and there were higher values of the colder/glacial taxa Asteraceae type B and Apiaceae. The 
increase in these taxa, along with moderate pollen concentrations and relatively low significant 
dryland taxa diversity suggest the occurrence of an open herbaceous steppe under dry climatic 
conditions during most of the last glacial period. In addition, the highest ratios of 
Chenopodiaceae/Poaceae taxa occur during MIS 4 and MIS 3 suggesting the possible dominance of 
a winter rainfall regime during this period. The aquatic taxa record indicates shallow and fluctuating 
water levels in the lake basin supporting abundant levels of colonising aquatic taxa, with 
Haloragaceae and Myriophyllum in particular dominating the aquatic vegetation assemblage 
throughout the early to mid last glacial period. 
The early to mid glacial period is also characterised by high, although fluctuating, values of 
microscopic and macroscopic charcoal fragments. However, there is a sharp and dramatic decline in 
charcoal concentrations from c. 35,000 years ago, which is sustained until the early to mid-Holocene 
period. This decrease in charcoal concentrations follows a sharp increase in Poaceae values, which 
correspond with declining relative levels of Asteraceae type B and Apiaceae representation. There is 
also a possible decline in the dominance of a winter rainfall regime from this time. These results 
indicate a shift from a herbaceous steppe landscape to an open grassland dominated landscape 
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heading into the last glacial maximum. The increase in more open types of vegetation may have 
facilitated a decrease in charcoal concentrations. 
AMS radiocarbon results reveal a hiatus in the record of the master core (Core E12b) from this site 
during the LGM (MIS 2), possibly as a result of erosion. The AMS radiocarbon results also reveal a 
pattern of intra-site variability, as deposits from the height of the last glacial period appear to be 
present in a second core (Core E12c). Accordingly, the results obtained from this second core were 
used to reconstruct the environment during this period. The second core suggests a harsh, dry 
environment at this site with less complex vegetation communities than today during and 
immediately after the height of the last glacial maximum. A predominantly Casuarinaceae dominated 
open woodland covered the landscape, with a Poaceae and Asteraceae understorey. A more arid 
type of environment than present is most likely. The aquatic vegetation assemblage during the LGM 
and late glacial period consisted predominantly of Myriophyllum, suggesting shallow and fluctuating 
water levels at this time. 
Following the late glacial period, the Pleistocene- Holocene transition period (c. 13,000 to 10,000 
years ago) was a period of significant environmental fluctuation at Redhead Lagoon, and was 
characterised by a dry (semi-arid) environment with low water balances. A major feature is the 
continued representation following the height of the last glacial of a Casuarinaceae dominated open 
sclerophyll woodland in association with grassland. This is in conjunction with elevated catchment 
erosion levels leading into the Holocene period. In addition, there is a general decrease in aquatic 
taxa abundances, which may reflect a shallowing of lake levels during this transition, possibly as a 
result of increased sedimentation and lower water balances. Lower water balances may have been 
caused by an increase in evapotranspiration, as a result of increasing temperatures during this 
period of rapid marine transgression. 
Sedimentological and palynological evidence indicate that the Holocene signals the start of a period 
of climatic amelioration at this site, characterised by highly organic deposition and an increase in 
pollen taxa diversity. Significantly, the start of the Holocene marks the end of the dominance of the 
glacial indicator taxon Asteraceae type B, with only rare traces of this pollen type in the latter parts of 
the Holocene. The open and disturbed environments indicator taxa that were prominent throughout 
the last glacial period do not occur during the Holocene. Overall, the dryland pollen record suggests 
the development of a wet sclerophyll forest type of vegetation assemblage co-existing with open 
sclerophyll woodland. This suggests the start of more sheltered, moist conditions (and the possible 
attainment of maximum effective precipitation) towards the mid-Holocene at this site. The rises in 
pollen types indicating higher water balances during the early to mid-Holocene are concurrent with a 
sharp and dramatic rise in the Poaceae/Chenopodiaceae pollen ratio, which may indicate a switch to 
a summer rainfall dominated climatic regime. The possible increase in summer rainfall during the 
early to middle Holocene correlates with the findings from other terrestrial and marine pollen records 
in Australia. It has been suggested that this reflects a persistently positive Southern Oscillation Index 
during this period. 
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Following a long period of sustained low values, both microscopic and macroscopic charcoal 
concentrations increase in the early to mid-Holocene. This corresponds with increases in taxa such 
as Eucalyptus and Poaceae. Increased effective precipitation during this period may have not only 
promoted the accumulation of fuel, but also provided a mechanism to transport the charcoal into the 
lake basin. Both these factors appear to not have been in operation throughout the height of the last 
glacial period. Alternatively, increases in the 'fire adapted' taxon Eucalyptus and expansion of 
grassland and other disturbed ground indicators may have been promoted by the activities of 
Aborigines. 
In the mid to late Holocene there is a decrease in the proportion of Casuarinaceae, and a concurrent 
rise in both absolute and percentage values of taxa such as Eucalyptus and Melaleuca. Melaleuca 
quinquenervia in particular reaches its highest levels in the entire sequence during the mid to late 
Holocene. This indicates the start of the dominance of this swamp and marsh loving taxon along the 
lake margin, where it is so prevalent today at Redhead Lagoon. Overall, the dryland pollen results 
indicate the continued presence of open and wet sclerophyll forest/woodland vegetation co-existing 
with a grassland understorey during the mid to late Holocene. However, in the latter stages of the 
Holocene there is a general increase in herbaceous taxa, which may suggest a period of climatic 
deterioration, or at least disturbance, in the period immediately preceding the arrival of European 
settlers in the catchment. 
The aquatic taxa assemblages throughout the Holocene suggest the occurrence of a hydroseral 
succession from the aquatic communities found throughout the glacial period. The very low 
percentages of Myriophyllum and a corresponding increase in the dryland to aquatic taxa ratio 
suggests more stable water levels and more open water (possibly deeper levels) as the Holocene 
period began. Subsequently, the start of a sustained increase in Cyperaceae and Eleocharis values 
corresponds with the possible switch to a summer rainfall dominated climatic regime and increases 
in dryland taxa that indicate maximum effective precipitation. Following the increases in Cyperaceae 
and Eleocharis in the early to mid-Holocene, Restionaceae and Typha reach their maximum 
abundance in the mid to late Holocene. The higher resolution record of Core F4c indicates a more 
substantial presence of Triglochin since the mid-Holocene. Increases in these taxa, together with a 
continued rise in the dryland to aquatic taxa ratio, suggests more open (possibly deeper), stable and 
freshwater conditions in the lake basin during the late Holocene. 
Finally, the period of European settlement is signalled by the presence of several different exotic 
taxa. The arrival of Europeans also marks the start of major modifications of the catchment surface. 
Dramatic environmental changes include significant increases in sediment accumulation rates, 
charcoal particles and possibly elevated levels of nutrient. In addition, there is a decline in particular 
tree and rainforest taxa, which may reflect land clearing practices and the increasing fragmentation 
of forest communities after European settlers arrived in the catchment. It appears that the 
environmental changes associated with the activities of the first European settlers are some of the 
most dramatic throughout the entire sequence. 
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Figure 8.10: Schematic reconstruction of palaeoenvironments at Redhead Lagoon (c. 75 ka .. present). 
ihe photographs next to each sketch are from various modern day locations in Australia and are examples 
of what the dominant vegetation may have looked like during various time periods at Redhead Lagoon. 
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CHAPTER 9: Synthesis - comparisons & correlations 
9.1 Introduction 
This chapter places the environmental reconstruction outlined in Chapter 8 in the context of previous 
studies. Section 9.2 compares the trends and patterns of vegetation change at this site with the 
results of other Australian studies. Following this, the incidence of two taxa, Casuarinaceae and 
Eucalyptus, are examined in the context of the general trend noted at other sites in southeastern 
Australia during the Holocene. Finally, the pollen and charcoal results obtained from Redhead 
Lagoon are used to examine the relative impacts of climate and humans (particularly through their 
use of fire) on the environment at this site throughout the Late Quaternary. 
9.2 Australia-wide comparisons of vegetation patterns 
9.2. 1 Overview 
A reconstruction of palaeoenvironmental conditions throughout the last glacial cycle at Redhead 
Lagoon was outlined in Chapter 8. This section specifically interprets the vegetation reconstruction 
within the context of previous studies (Figure 9.1). 
It is important to note that the chronostratigraphic correlation of Australian palaeoenvironmental 
records has proved to be problematic. Correlations are complicated by differential sediment 
accumulation rates, discontinuous sections and spatial variation in pollen assemblages, but primarily 
by the lack of adequate or reliable dates for older sediments (Kershaw et at. 1991 b; Harle et a/. 
2002). In addition, Redhead Lagoon is geographically distant from most of the long-term records 
obtained thus far in Australia, which may result in difficulties in comparing the record with that from 
other sites. 
The changes in vegetation and lake levels that occurred during the Quaternary at most Australian 
sites are a consequence of changes in effective precipitation, rather than changes in temperature 
(Harle eta/. 2002). However, some pollen records from high altitude sites are indicative of vegetation 
change as a response to temperature change [e.g. Mt Field (Macphail 1979); Caledonia Fen 
(Kershaw eta/. 1983); Club Lake (Martin 1986a); Lake Johnston (Anker eta/. 2001)]. In addition, 
Martin (1986b) has suggested that the east coast of New South Wales is well buffered against 
environmental change, such that only major changes in rainfall or temperature are likely to be 
detected by pollen analysis. This is largely because the taxonomic discrimination of pollen is not very 
acute (i.e. plant taxa can normally only be determined to family or genus level). Consequently, only 
major changes in plant associations, alliances or formations are likely to be readily detectable. 
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Figure 9.1: Comparison of pollen data from Redhead Lagoon with other selected results 
from key sites in the Australasian region. • Th••• ctata •r• not plotted on th• um• tim• seal•• •s th• other ctata seta. 
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9.2.2 Last glacial period (c. 79 ± 5 to 24 ka) 
During the initial stages of the last glacial period (c. 79 ± 5 to 70 ± 5 ka), the evidence suggests that 
the site of Redhead Lagoon was occupied by a mobile dune system, lacking any permanent water. 
The pollen preserved from this period indicates that the catchment was largely barren of vegetation, 
with only semi-arid communities present and no capacity to support any aquatic communities. The 
sparse dryland vegetation appears to have been predominantly composed of a low 
woodland/herbland vegetation association. Myrtaceous types and the glacial indicator taxon 
Asteraceae type B dominated the landscape. 
These findings compare well with evidence from throughout Australia that suggests that most of this 
early glacial period was cool and arid. For instance, the formation of aeolian deposits and little fluvial 
activity was recorded during this period (e.g. Nanson eta/. 1992; Magee eta/. 1995; Page eta/. 
1996). In addition, there is evidence of glacial activity in the Snowy Mountains from c. 65 ka, 
suggesting increased cooling around this time (Barrows eta/. 2001). The results of this study are 
also in agreement with the pollen records from southern and eastern Australia. These records 
suggest a colder and more arid period during this time, with herbs and sclerophyll woodland taxa 
becoming dominant (e.g. Singh and Geissler 1985; Kershaw et at. 1991b; Calhoun 2000; Harle et at. 
2002). 
As the glacial period progressed (MIS 4 and 3), there was an increase in the incidence of 
herbaceous and generally hardy taxa at Redhead Lagoon. In particular, there were higher values of 
the colder/glacial taxa Asteraceae type B and Apiaceae. The increases in these taxa, along with 
moderate pollen concentrations and fairly low dryland taxa diversity, indicate an open herbaceous 
steppe vegetation existing under harsh climatic conditions during most of this period. 
The interstadial of MIS 3 has been noted as a period of high water levels in southeastern Australia, 
and has been termed the 'lacustral' or 'pluvial' period (e.g. Bowler 1981, 1986; Chappell 1991; 
Nanson et at. 1992). Terrestrial records from southeastern Australia suggest that available moisture 
increased, especially in the initial part of this period (until c. 40 ka) (e.g. Page et at. 1996). The 
aquatic taxa record of Redhead Lagoon is indicative of an improved water balance during the latter 
stages of MIS 4 and MIS 3, relative to the initial stages of the last glacial (MIS Sa and early MIS 4). 
Abundant levels of colonising aquatic plants, such as Haloragaceae and Myriophyllum, dominate the 
aquatic vegetation assemblage during this period. However, these taxa indicate shallow and 
fluctuating water depths, which contrast with the higher water levels experienced during the same 
period in the more inland areas of Australia (e.g. Bowler 1981, 1986). 
The pollen record from this site displays similarities with the trends in pollen records during this time 
from sites in northeast Queensland (e.g. Kershaw 1986), southeastern Australia (e.g. Kershaw et at. 
1991 a) and Tasmania (e.g. Calhoun et at. 1982). These records are at odds with the geomorphic 
and sedimentary evidence during this period, as they suggest drier conditions than the Holocene 
during part if not all of the lacustral period. 
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Some of the most dramatic changes in the pollen record from Redhead Lagoon occur around 35,000 
years ago (Figures 6.15b-c). From this time there is a sharp and sustained increase in Poaceae 
values which corresponds with declining relative levels of Asteraceae type B and Apiaceae. There is 
also a possible decline in the dominance of a winter rainfall regime from this time. These results are 
interpreted to reflect a shift from a herbaceous steppe landscape to an open grassland landscape 
heading into the last glacial maximum. 
This change around 35,000 years ago at Redhead Lagoon may correspond with the start of a period 
of increased aridity that has been suggested from geomorphic evidence from southwest New South 
Wales (e.g. Bowler et a/. 2003). Indeed, Bowler et a/. (2003) have suggested that ' ... a most 
significant climatic change of the last 60 ka occurred near 40 ka, when early Homo sapiens ... were 
forced to adapt to increasing [and sustained] aridity'. At Redhead Lagoon a possible change in 
rainfall patterns around this time may have facilitated an increase in more open types of vegetation. 
A northward shift of rainfall patterns around this time has also been suggested from evidence in 
marine core GC-17 in northwestern Australia (van der Kaars and De Deckker 2002). This indicates a 
change to open and sparse vegetation on the northwestern Australian mainland during this period. 
This may have been caused by a change in wind patterns and sea surface temperatures resulting in 
aridity in southern Australia. In addition, there is a reduction in rainforest gymnosperms, particularly 
Araucaria, with a concurrent increase in Eucalyptus around 40 to 36 ka in the record from ODP Site 
820 off northeastern Australia (Kershaw et a/. 2003b). An increase in ENSO variability resulting in 
changes in biomass burning has been proposed as an explanation for this change in vegetation 
patterns at this site (Kershaw eta/. 2003b). 
The closest long-term record to Redhead Lagoon is a 40,000 year sequence from Burraga Swamp 
on the Barrington Tops of central eastern New South Wales (Sweller and Martin 2001 ). This swamp 
lies close to the boundaries of temperate and subtropical rainforests, sclerophyll forest and sub-
alpine formations and may therefore provide a sensitive record of past changes in the vegetation. 
Between 40 and 30 ka, there was a very slow rate of deposition at Burraga Swamp and swamp and 
aquatic vegetation was present. The dryland vegetation was an open or sparsely treed 
grassland/herbfield, similar to Redhead Lagoon, which may also indicate a drier climate than in the 
region today. 
Kershaw et a/. (1991 b) have suggested that an increase in Poaceae relative to Asteraceae (in 
particular the decline of Asteraceae type B) in the Late Quaternary can be seen in the record from 
Lake Wangoom, western Victoria. This shift towards increasing grassland at the expense of 
Asteraceae and other herbs appears to be superimposed on the cyclical pattern of climatically 
induced changes (i.e. alternating open herbaceous and woodland/forest communities). This 
particular change also appears to be evident at Redhead Lagoon, as from c. 35 000 years ago there 
is a relative decline in Asteraceae values (particularly Asteraceae type B) and a sustained increase 
in Poaceae values. 
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9.2.3 Last glacial maximum and the Pleistocene-Holocene transition (c. 24 
to 10 ka) 
AMS radiocarbon results revealed a hiatus in the record of the master core (Core E12b) from this 
site during the LGM (MIS 2). This may have been a result of sampling error, sediment focussing or 
alternatively a result of erosion of the sediments after deposition. Significant landscape instability, 
especially aeolian activity, occurred throughout eastern Australia during much of the LGM (Thorn et 
a/. 1994). In addition, numerous studies indicate very dry conditions between c. 25,000 and 11,000 
years ago and dry lake basins as a consequence [e.g. Wyrie Swamp (Dodson 1977b); Lake Leake 
(Dodson 1975); Pulbeena Swamp (Colhoun eta/. 1982); Lake Bullenmerri (Dodson 1979); Lake 
Wangoom (Edney et at. 1990); Lake Terang (D'Costa and Kershaw 1995)]. Unconformities in 
sedimentary records, possibly due to deflation, have also been noted at many sites during this 
period. These include Wyrie Swamp (Dodson 1977b), Lake Frome (Bowler and Wasson 1983), Lake 
Turangmoroke (Crowley and Kershaw 1994), the Willandra Lakes (Bowler 1998), and the Otway 
region in Victoria (McKenzie and Kershaw 2000). In fact, De Deckker et at. (1991) have suggested 
that most sites in Australia would have undergone deflation during this period, resulting in the loss of 
their depositional record. 
The dating of the various cores obtained from Redhead Lagoon, however, also revealed a pattern of 
intra-site variability, and the results obtained from Core E12c were used to reconstruct the 
environment during the end of the LGM and late glacial period. These suggest that there was a 
harsh, dry environment at this site with less complex vegetation communities during and immediately 
after the height of the last glacial maximum. A Casuarinaceae dominated open woodland covered 
the landscape with a Poaceae and Asteraceae understorey. The aquatic vegetation assemblage 
during the latter stages of the LGM and late glacial period suggests shallow and fluctuating water 
levels at this time. 
Overall, the LGM in Australia (c. 25 to 15 ka) was a period of increased dryness, coolness and 
continentality compared to earlier and later periods. There are relatively few vegetation records that 
preserve a record of environmental conditions during this period. The available vegetation histories 
from southeastern Australia indicate that a treeless vegetation dominated by Poaceae and 
Asteraceae was widespread (Hope 1994). Kershaw (1995) has calculated the average percentages 
for the major taxa from 11 southeastern mainland Australian pollen data-sets. He found that the 
average combined percentage value of Poaceae and Asteraceae was 79% and Casuarinaceae only 
3% of the fossil pollen spectra during the LGM. The results obtained from Redhead Lagoon support 
the general trend of widespread elevated levels of Poaceae and Asteraceae. However, the 
environment was not treeless at Redhead Lagoon as the dominant taxon was Casuarinaceae. 
Indeed, the extremely high proportion of Casuarinaceae (around 80%) during the end of the LGM 
period at this site is in sharp contrast to most southeastern Australian pollen records. The vegetation 
record at Redhead Lagoon thus appears to provide one of the few records of trees during the LGM 
in Australia. Nonetheless, the record obtained from Redhead Lagoon, like most others during this 
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period, indicates a more arid and open type of vegetation assemblage during the latter stages of the 
LGM and late glacial periods. In addition, an unconformity in the record of Core E12b suggests 
possible landscape instability during the height of the last glacial. 
In the period following the LGM, the greatest changes in pollen assemblages from southeastern 
mainland Australia are recorded between 12,000 and 9,000 BP, corresponding with the Pleistocene 
- Holocene transition (Kershaw 1995). The Pleistocene - Holocene transition was also a period of 
significant fluctuation at Redhead Lagoon, characterised by a possibly harsh, dry (semi-arid) 
environment. Some of the changes include dramatic fluctuations in pollen concentrations (including 
the highest levels attained within the sequence), sharp decreases and increases in many taxa and 
an overall increase in unknown and indeterminable taxa. These changes were all in conjunction with 
significant peaks in volume magnetic susceptibility, bulk density and mineral bulk density values, 
indicating increased minerogenic sediment influx also during this period. 
In southeastern Australia eucalypt vegetation expanded substantially, and in the western parts of this 
region and present day coastal areas Casuarinaceae forests and woodlands replaced pre-existing 
grasslands (Kershaw 1995). As at other sites, a Casuarinaceae-dominated open sclerophyll 
woodland in association with grassland covered the landscape at Redhead Lagoon. However, the 
rise in Casuarinaceae representation appears to have taken place earlier than at other sites in 
southeastern Australia, as Casuarinaceae has been the dominant taxon at Redhead Lagoon since 
the LGM. In addition, the relative values of Casuarinaceae representation (around 80%) at Redhead 
Lagoon are substantially higher than the average values (between 4 and 16%) calculated from over 
20 sites in southeastern Australia during the Pleistocene- Holocene transition (see Kershaw 1995). 
The period around approximately 12,000 BP has been identified as the time of lowest lake water 
levels in most lakes in southeastern Australia (Harrison and Dodson 1993). Pollen data from 22 
southeastern Australian sites provide further support for dry conditions around 12,000 BP (Kershaw 
1995). The declining representation of moist indicator taxa such as Melaleuca, Pomaderris and 
Rutaceae suggest that low water balances also occurred during the Pleistocene - Holocene 
transition at Redhead Lagoon. The aquatic taxa record suggests a shallowing of lake levels during 
this period, possibly as a resu It of increased sedimentation and lower water balances. Lower water 
balances may have been caused by an increase in evapotranspiration, as a result of increasing 
temperatures during this transitional period. 
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9.2.4 The Holocene (10 ka to the present) 
The beginning of the Holocene signals the start of a period of climatig amelioration at Redhead 
Lagoon, characterised by highly organic sediment deposition and an increase in pollen diversity. This 
period also marks the end of the dominance of the glacial indicator taxon Asteraceae type B. 
Furthermore, several taxa indicative of drier and/or cooler conditions that were prominent throughout 
the Pleistocene do not occur during the Holocene. The disappearance or decline of Asteraceae type 
B during the Holocene has also been noted at several western Victorian sites such as Tower Hill 
(D'Costa eta/. 1989), Lake Wangoom (Edney et a/. 1990; Harle eta/. 1999) and Lake Terang 
(D'Costa and Kershaw 1995). 
The dryland vegetation changes during the Holocene at Redhead Lagoon indicate the co-existence 
of both dry and wet sclerophyll woodland/forest types of vegetation assemblages. This suggests the 
development of more sheltered, moist conditions and a maximum in effective precipitation in the 
mid-Holocene at this site. It also corresponds with a possible switch to a summer rainfall dominated 
climatic regime. A possible increase in summer rainfall during the early to middle Holocene at 
Redhead Lagoon correlates with the findings from other terrestrial and marine pollen records in 
Australia (e.g. Singh and Luly 1991; van der Kaars and De Deckker 2002). 
The results obtained from Redhead Lagoon during the Holocene appear to correspond with the 
general trend seen at many sites in southeastern Australia. In their review of several sites in 
southeastern Australia, Kershaw eta/. (1991a) have argued that climatic amelioration after the last 
glacial period is indicated by a sharp increase in woody plant pollen representation and the beginning 
of, or return to, organic matter dominated sedimentation at most sites. This took place between 
approximately 11,500 and 8,500 years ago at other sites and from around approximately 9,000 BP at 
Redhead Lagoon. Following the trend since the LGM, Casuarinaceae continues to be the 
overwhelmingly dominant taxon during this period at Redhead Lagoon. This corresponds with the 
pattern of elevated Casuarinaceae values seen at many western and coastal sites in southeastern 
Australia during this period (e.g. Kershaw 1995). However, despite its obvious importance at 
Redhead Lagoon and in other coastal areas in particular, Kershaw (1995) has noted that there is 
little response by Casuarinaceae to climatic changes in areas such as the southeastern highlands at 
any time since the LGM. 
As the Holocene progressed there is some indication of wetter conditions in southeastern Australia 
(Hope et a/. 2004). For example, moisture and temperature maxima were reached between about 
9,000 and 5,000 years ago and peat deposition started at about 6,500 years ago at Burraga Swamp 
on the Barrington Tops, New South Wales (Sweller and Martin 2001). Higher precipitation levels than 
today are inferred at many sites between about 7,000 and 5,000 years ago, mainly because of 
maximum representation of the wet sclerophyll forest understorey taxon Pomaderris during this 
period (Kershaw eta/. 1991a). In addition, high lake levels are recorded at many sites around 7,000 
BP (Harrison and Dodson 1993). At Redhead Lagoon, Pomaderris starts to increase between c. 
9,000 and 7,000 BP and reaches its maximum levels in the mid-Holocene (post c. 7,000 BP). 
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Many records from southeastern Australia show an increase in Eucalyptus relative to Casuarinaceae 
during the mid-Holocene. Following this, by about 5,000 years ago at most sites, the present 
vegetation pattern of eucalypt-dominated forests and woodlands with a predominant grassy 
understorey appears to have been largely established (Kershaw eta/. 1991a). This pattern is also 
evident at Redhead Lagoon. The dryland pollen results indicate an increase in Eucalyptus relative to 
Casuarinaceae from the early to mid-Holocene (see Section 9.3). The present day open sclerophyll 
forest/woodland and grassland understorey was established from c. 7,000 years ago. 
Finally, the period of European settlement at Redhead Lagoon is indicated by the presence of 
introduced European taxa. The European period also marks the start of significant environmental 
changes at Redhead Lagoon, including decreases in particular tree and rainforest taxa and 
increases in sediment accumulation rates and fire activity, and a possible increase in nutrient levels. 
These changes have been identified in many post-contact sequences in southeastern Australia (e.g. 
Dodson and Mooney 2002). 
9.3 Late glacial Casuarinaceae expansion and decline relative to 
Eucalyptus 
An important aspect of Late Quaternary pollen records is the light they can throw on vegetation 
dynamics during periods of intense climatic change or anthropogenic disturbance. For example, a 
major feature of many pollen diagrams from southeastern mainland Australia is the sharp increase in 
the incidence of Casuarinaceae around the start of the Holocene and its subsequent decline relative 
to Eucalyptus in the latter stages of the Holocene (D'Costa eta/. 1989; Harle eta/. (2004). These 
changes are not necessarily concurrent for all sites. However, Harle (1998) has noted that the 
Casuarinaceae expansion generally occurred between c. 11,500 and 9,000 years ago and that the 
Eucalyptus expansion took place sometime between c. 7,800 and 3,500 yrs BP. 
The percentage and absolute values of Casuarinaceae and Eucalyptus, along with the ratio of these 
two taxa throughout the last glacial cycle at Redhead Lagoon are shown in Figure 9.2. This 
demonstrates that there was an expansion of Casuarinaceae during the height of the last glacial 
(established by c. 18,000 years ago). This was followed by a relative decline in the early Holocene, 
which was accompanied by an increase in relative Eucalyptus values from the early to mid-Holocene 
(c. 7,000 years ago). The trend in both Casuarinaceae and Eucalyptus values since the end of the 
last glacial at Redhead Lagoon thus mirrors the pattern seen at many sites in southeastern Australia. 
However, the start of the Casuarinaceae expansion is significantly earlier than other studies. 
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Figure 9.2: Core E12b: Casuarinaceae versus Eucalyptus (percentage, absolute values and ratios). 
Area of microscopic and macroscopic charcoal fragments per gram are also included. 
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The decline of Casuarinaceae in the mid-Holocene and the relative expansion of Eucalyptus has 
previously been attributed to increased fire. This argument is based on three lines of evidence. 
Firstly, that Casuarinaceae is more fire sensitive than Eucalyptus; ~econdly, that the decline in 
Casuarinaceae is associated with an increase in the incidence of charcoal at some sites; and thirdly, 
that the asynchrony of the Casuarinaceae decline rules out any broad-scale environmental influence 
(Hooley et al. 1980). But as this vegetation change is without an associated increase in charcoal 
levels at some sites, other explanations may be more reasonable. In addition, Clark (1983) has 
argued that it cannot be generalised that Casuarina is fire-sensitive, nor less fire-adapted than 
Eucalyptus. Head (1983) has also suggested that Casuarina woodlands are naturally open, so it is 
likely that Aborigines may rarely have burned them. For example, at Wyrie Swamp, southeastern 
South Australia, the time of most intensive Aboriginal usage (indicated by the number of artefacts 
found) was also the time of maximum extent of Casuarina woodland (Dodson 1977b). 
The results obtained from Redhead Lagoon indicate that the relative decline in Casuarinaceae 
throughout the Holocene is not associated with fire. A comparison of the charcoal records with the 
trends in Casuarinaceae and Eucalyptus obtained from Redhead Lagoon throughout the Holocene 
(Figure 9.2) indicates that percentage values of Casuarinaceae started to decline before the 
increase in charcoal concentrations in the latter stages of the Holocene. On the other hand, the 
increase in charcoal concentrations corresponds with the mid to late Holocene increase in 
Eucalyptus. 
While there is no direct correlation between the decline of Casuarina in the Holocene and Aboriginal 
use of fire, it is clear that European settlement had a devastating effect on Casuarina woodlands in 
the late Holocene (Clark 1983). This was most probably due to a combination of cutting and burning, 
with sheep grazing on foliage and seedlings. In addition, Gale and Pisanu (2001) have suggested 
that a post-contact Casuarinaceae decline in the New England area of northeast New South Wales 
was caused by the preferential use and clearance of these trees by European settlers. Direct human 
impact can therefore be added to the list of causes of the late Holocene decline in Casuarinaceae in 
Australia. Overall, Clark (1983) has argued that the early Holocene spread of Casuarina into 
grasslands and shrublands of the last glacial, and its later displacement by Eucalyptus, may have 
been part of a natural sequence of competing species in a changing environment and that the 
importance of Aboriginal burning is hard to elucidate. 
Another explanation for this pattern involves morphological variation. Dodson (1977b) has suggested 
that the winged seed of Casuarina stricta may have resulted in its preferential expansion in the early 
Holocene at Wyrie Swamp, South Australia, relative to eucalypts, which rely on seed drop with a 
lower capacity for dispersion. 
At Tower Hill in western Victoria, D'Costa eta/. (1989) have suggested that an increase in moisture 
availability may explain the replacement of Casuarina woodland by more sclerophyllous Eucalyptus 
dominated vegetation. This is based on the observation that Casuarina stricta is generally found in 
drier areas than associated Eucalyptus species. Kershaw and Bulman (1996) have also noted that in 
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the early Holocene, Casuarinaceae appear to have thrived under lower or more seasonal rainfall 
conditions. They have suggested that its subsequent decline can be attributed to higher soil moisture 
levels perhaps with a concomitant increase in groundwater salinity (!l.g. Crowley 1994a, 1994b). 
Figure 9.2 indicates that the expansion of Casuarinaceae took place before the end of the last glacial 
maximum at Redhead Lagoon. The end of the last glacial was a period of significant fluctuation at 
Redhead Lagoon, possibly characterised by a harsh, dry (semi-arid) environment with lower water 
balances than present. These results appear to support the thesis that reduced moisture availability 
in the latter stages of the last glacial caused the expansion of Casuarinaceae relative to Eucalyptus. 
However, it can also be argued that the earlier stages of the glacial period (e.g. MIS 4 to early MIS2) 
were also characterised by relative aridity and fluctuating water balances. Yet in these stages of the 
record obtained from Redhead Lagoon, Eucalyptus pollen representation is greater than 
Casuarinaceae in both percentage and absolute values. So while increased moisture availability 
throughout the latter stages of the Holocene may well have contributed to the expansion of 
Eucalyptus relative to Casuarinaceae, another factor appears to have been in operation throughout 
most of the last glacial cycle that directly affected both Casuarinaceae and Eucalyptus. 
A possible explanation for the different response of Casuarinaceae and Eucalyptus to aridity may be 
found in Crowley's (1994a, 1994b) soil salinisation hypothesis. Crowley (1994a) has suggested that 
the late Holocene decline in Casuarinaceae was a consequence of rising groundwater levels and soil 
salinisation. Chenopodiaceae has been identified as an indicator of soil salinity and a negative 
relationship between chenopods and Casuarinaceae is exhibited in many southeastern Australian 
pollen records (Crowley 1994b). Crowley (1994a) has argued that during phases of salinisation, salt-
tolerant chenopods increased as salt-intolerant Casuarina and Allocasuarina woodlands contracted. 
In addition, salinisation caused the increase of Eucalyptus. Cupper (1998) has tested this hypothesis 
using pollen evidence obtained from small salt lake basins near the junction of the Murray and 
Darling River systems in southwestern NSW. Pollen evidence indicated that Casuarina woodlands 
have declined in the region over the last 4,500 years, while Chenopodiaceae have increased. He 
found that the floristic changes in this region support the thesis of Crowley and that they were a 
product of late Holocene soil salinisation in the Lower Murray-Darling Basin. 
To test this hypothesis at Redhead Lagoon, the ratios of Chenopodiaceae to Casuarinaceae from 
Core E12b have been determined (Figure 9.3). There were high Chenopodiaceae/Casuarinaceae 
ratios during most of the glacial period, which may indicate periods of soil salinity (most likely as a 
consequence of glacial aridity). Increased soil salinity during the earlier part of the glacial period may 
explain why the arid but not salt-tolerant Casuarinaceae are not represented to any great extent, 
leaving Eucalyptus as the dominant tree taxon during this period. 
There was a sharp drop in the Chenopodiaceae/Casuarinaceae ratio during the height of the last 
glacial and the late glacial periods. This corresponds with the initial rise of Casuarinaceae at this site 
during the latter stage of the last glacial. These results possibly indicate that the exclusion of saline 
conditions during this period, unlike earlier arid periods, facilitated the expansion, at least initially, of 
Casuarinaceae over Eucalyptus. 
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However, from the early to mid-Holocene there has been a rise in Chenopodiaceae/Casuarinaceae 
ratios, corresponding with a decline in relative Casuarinaceae values. This possibly indicates the 
development of soil salinisation during this period. This corresponds with a rise in Eucalyptus values 
in the mid to late Holocene. Although unlike the earlier periods of the last glacial, soil salinisation 
during the mid to late Holocene is most likely due to higher groundwater levels, which might have 
been facilitated by the attainment of maximum sea levels from around 6,000 years ago. For instance, 
a demise in Casuarinaceae values has been attributed to higher water tables during the Holocene at 
sites such Lake Tyrrell, Cranbourne Botanic Gardens, Lake Turangmoroke and Rottnest Island 
(Crowley 1994a). In addition, factors such as salt spray and saline rainfall may have had an effect on 
the vegetation at this present day coastal site following the attainment of current sea levels around 
6,000 years ago. 
The changes in the ratios of Chenopodiaceae to Casuarinaceae within the pollen spectra at 
Redhead Lagoon indicate that periods of soil salinisation may well have contributed to the changing 
representation of major taxa such as Casuarinaceae and Eucalyptus over the last glacial period. 
While reduced moisture availability may have facilitated the expansion of Casuarinaceae relative to 
Eucalyptus in the late glacial period, the restriction of Casuarinaceae representation during earlier 
arid periods indicates that another factor appears to have been in operation. This factor is most likely 
to have been soil salinity. If this is the case, the evidence presented here supports the hypothesis 
originally proposed by Crowley (1994a, 1994b). 
9.4 Climate, fire and human impact 
9.4. 1 Overview 
The palaeoecological record from Redhead Lagoon reveals a number of significant changes and 
trends over approximately the last 75,000 years at this site (Figure 9.4). In broad terms, a pattern of 
alternating open herbaceous and woodland/forest communities appears to correspond with stadia! 
and interstadial periods. Superimposed on this is a change towards a more open understorey 
vegetation assemblage since approximately 35,000 years ago. The initiation of this vegetation 
change preceded a dramatic reduction in charcoal concentrations, which had been high during the 
earlier part of the last glacial cycle. Charcoal concentrations remained low throughout the height of 
the last glacial and did not increase again until the Holocene. 
Interestingly, the timing of this significant change in vegetation and charcoal histories corresponds 
approximately with the start of significant changes recorded at other sites. Some have argued that 
these changes are a by-product of Aboriginal burning regimes. Therefore, both climatic and human 
influences, or indeed a combination of both, need to be considered when assessing the causes of 
environmental change at Redhead Lagoon. 
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The interpretation of fire history from sedimentary records of charcoal is influenced and complicated 
by a number of factors (see Section 2.3.3). These include the counting method, the resolution of the 
sediments and the nature of the fire history which includes factors .such as fire intensity, fire 
frequency and season of burn. Charcoal concentration should therefore be interpreted as an index of 
overall fire activity. For example, high charcoal counts might represent many low intensity fires in a 
short period or a few high intensity fires in the same period (Clark 1983). 
Both microscopic and macroscopic charcoal counting methods have been employed in this study. 
Examination of the trends of both the microscopic and macroscopic charcoal counts at this site 
reveals several notable differences in results produced by the two methods (Figure 9.4). In particular, 
there are two periods when the macroscopic charcoal method indicated charcoal deposition in the 
lake basin, whereas the microscopic charcoal method did not record these events. The macroscopic 
charcoal record therefore appears to have recorded several more local fire events that the 
microscopic charcoal record was unable to distinguish. It is thus important to keep in mind when 
discussing other microscopic charcoal results that more local fire events may not have been picked 
up by this method and that they provide a record only of regional fire events. 
A final complicating factor when comparing charcoal records is the absence of charcoal/pollen 
concentration ratios from most southeastern Australian sites. This makes the comparison of 
charcoal records extremely difficult since charcoal concentration curves alone do not take into 
account the influence of variations in particle concentration in sediments (Harle 1998). 
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9.4.2 Climatic influences 
The dominant influence on vegetation patterns at Redhead Lagoon appears to be the operation of a 
cyclical pattern of climatically induced changes, with the expansion of vegetation communities 
adapted to lower precipitation during glacial periods and the expansion of wetter and forest types 
during warmer interglacial times. For example, the almost complete disappearance of several glacial 
indicator taxa (including Asteraceae type B) at the start of the Holocene, after high levels throughout 
the entire glacial period, strongly suggests climate was an important factor influencing vegetation 
change at this site. Glacial/interglacial cycling has previously been regarded as the dominant 
influence on vegetation change in Australia (e.g. Kershaw eta/. 1997a). 
The high concentrations of both microscopic and macroscopic charcoal particles during the earlier 
stages of the last glacial cycle (MIS 4 and 3) at Redhead Lagoon may have been a function of the 
drier conditions during this period, which would have facilitated fire. A more arid type of climate, 
possibly in conjunction with a more dominant winter rainfall regime, may have led to a drying of the 
vegetation. The availability of dry fuel during summers could have enabled bushfire conflagrations 
during this time, most probably initiated by summer lightning storms. 
Elevated microscopic charcoal concentrations in the wetter areas of Australia during dry glacial 
periods have previously been attributed to drier conditions (e.g. Kershaw et at. 1997a). However, 
there are notable exceptions to this pattern, from sites such as Darwin Crater in Tasmania (Calhoun 
and Van de Geer 1988), Lake Terang in Victoria (D'Costa and Kershaw 1995), marine core GC-17 
from offshore northwestern Australia (van der Kaars and De Deckker 2002), and earlier glacial 
periods at Lake George in southern New South Wales (Singh and Geissler 1985). Several 
explanations for reduced charcoal concentrations at these sites have been suggested. These include 
the vegetation becoming too open to support frequent or intense fire and increased charcoal 
production from predominantly forest vegetation during interglacials instead. 
In many Australian records there is a close relationship between an increase in fire activity and 
sustained vegetation change, including plant extinction (Kershaw et at. 1991b, 1997a). For example, 
several records from the Australian region show vegetation change, such as sustained increases in 
sclerophyll taxa, accompanied by significant increases in charcoal, although the timing of this change 
is variable [e.g. Lake George (Singh and Geissler 1985), Lynch's Crater (Kershaw 1986), Lake 
Wangoom (Edney et at. 1990; Harle et at. 1999) and marine site ODP-820 (Moss and Kershaw 
2000)]. The charcoal/pollen concentration curves from one of the longest and most continuous 
records obtained from southeastern Australia thus far, Lake Wangoom (eastern Victoria) and the 
nearby offshore marine core E55-6, indicate several periods of increased fire frequency and/or 
intensity within the last 130 ka. In particular, both records indicate a sustained increase in burning 
from around 30 to 25 ka supporting the model of vegetation change caused by the fire practises of 
colonising Aboriginal people (Harle 1998). 
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In contrast, the palaeoecological record from Redhead Lagoon is indicative of a correlation between 
sustained vegetation change around 35,000 years ago, such as the increasing relative 
representation of Poaceae to Asteraceae taxa, and a significant decreal!.e in fire activity (Figure 9.3). 
Perhaps the vegetation became more open and ceased to support frequent or intense fires, resulting 
in a reduction in charcoal concentrations from this time. 
As the start of the changes in vegetation (1.36 m in Core E12b) precedes the start of changes in 
charcoal concentrations (1.20 m in Core E12b), an increase in burning is unlikely to have initiated 
vegetation change at this site. The persistence of obligate seeding trees and shrubs including 
species within the genera Banksia and Acacia in the pollen record at Redhead Lagoon after this time 
suggests that fire frequency was not high enough to cause their local extinction. Clark and 
Mcloughlin (1986) have highlighted the importance of 'indicator species' in determining past fire 
histories. Banksia ericifolia is one such indicator species in vegetation assemblages at sites located 
on Sydney sandstone. They have argued that the persistence of this species indicates a minimum 
pre-contact fire spacing in such sandstone areas of between 5 and 10 years. If fires were more 
frequent, as under a low intensity-high frequency burning regime, this would probably eliminate the 
species. Unfortunately Banksia could not be identified to species level in the pollen record at 
Redhead Lagoon. Nevertheless, the pollen record of Core E12b illustrates that Banksia persists after 
c. 35,000 years ago and attains its highest levels in the sequence from this time. It is therefore 
unlikely that a low intensity-high frequency burning regime was responsible for this change in 
vegetation and charcoal patterns. 
Consequently, climatic influences are considered more likely to have been responsible for initiating 
the change in vegetation above 1.36 m. Significant climatic change around this time has not been 
previously considered in the interpretation of charcoal records, although a decrease in precipitation 
around 38,000 BP at Lynch's Crater in northeastern Queensland was noted by Kershaw (1985, 
1986). By contrast, Kershaw saw fire as the crucial factor initiating vegetation change at this site. In 
addition, Hope eta/. (2004) have noted that there has been a general acceptance that environmental 
change centred around 45 to 35 ka is of anthropogenic origin because firstly there had been no 
evidence for a major climate change within this part of MIS 3, and secondly there is archaeological 
evidence that people had arrived in Australia by this time. However, there is evidence from the ODP 
820 record (Kershaw eta/. 2003b) that this period (45 to 35 ka) was a time of high ENSO variability. 
Furthermore, a strong precessional monsoon signal around this time is preserved in core MD982167 
from the North Australian Basin (Hope eta/: 2004). The possibility of a climatic contribution to firing 
patterns cannot therefore be dismissed. In addition, a period of sustained aridity around 40 ka in 
Australia has been recently proposed by Bowler et a/. (2003) from geomorphic evidence around 
Lake Mungo in southwestern NSW. The data from Redhead Lagoon support the recent evidence for 
climate rather than anthropogenic influences on vegetation and charcoal patterns at this time. 
As climate appears to have been the dominant influence on the major environmental trends at this 
site the question why humans do not appear to have much of an impact here needs to be asked. 
Redhead Lagoon is a very small site, surrounded by bigger and probably more attractive sites such 
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as Lake Macquarie and the Hunter River. Furthermore, Mooney et a/. (2001) have noted that when 
evaluating charcoal records and possible Aboriginal burning regimes it is important to consider the 
rationale for the broadacre use of fire by the local people. For example~ a heath and Angophora type 
of woodland (found on sandstone catchments like that of Redhead Lagoon) is unlikely to have 
furnished many useful plant foods (Benson and Howell 1990). In addition, the close proximity of the 
site to the coastline would likely have meant that fishing was an important activity, and shell fish are 
thought to have been extremely important in the diet of the Awabakal people (Gunson 1974). 
Therefore, there may have been little advantage in a location such as Redhead Lagoon in 
manipulating the vegetation using fire, as implied by the 'firestick farming' (Jones 1969) hypothesis. 
Recher eta/. (1993) have also suggested that sandstone vegetation was unlikely to have been burnt 
other than along corridors for transport. 
In addition, while the exact size of the pre-European Aboriginal population is unknown, it is likely that 
there was only a small population in the area during this period as early European accounts noted 
very small numbers of Aborigines in the area. For example, Reverend Threlkeld counted only 64 
Aborigines in an area between Lake Macquarie and Newcastle (see Section 4.7.2). Dyall (1971) has 
also calculated that even generously allowing for the effects of introduced diseases, the original 
population in this area could not have exceeded a few hundred. In addition, the area occupied by the 
Awabakal Aboriginal tribe was quite extensive. The Awabakal tribal boundaries extended from 
around Newcastle and the Hunter River in the north to Tuggerah Lakes in the south, and to Kurri 
Kurri and Cessnock in the west (Austin eta/. 1995). Austin eta/. (1995) have suggested that the land 
of the Awabakal proved an abundant supplier of resources for its inhabitants as the tribal area 
contained environments such as lakes, marshy swamps, coastal plains and bushland. Therefore 
there were probably plenty of sites within this tribal area that might have been more appealing for the 
Awabakal Aborigines than Redhead Lagoon. Indeed, many stone implements have been found 
around the banks of the Hunter River (Thorpe 1927/28). Overall, a small population density 
combined with a nomadic lifestyle may provide an explanation for the apparently limited 
environmental impact of the Aboriginal population at this site. 
9.4.3 Fire and human influences 
During the last glacial period it has been argued that vegetation and burning patterns do not always 
correlate with climate and that people, through their use of fire, directly increased the level of burning 
on the continent resulting in vegetation change (Kershaw et a/. 1997a). There is anthropological 
evidence that fire was an essential part of the Aboriginal way of life (e.g. Nicholson 1981). On the 
other hand, there is evidence for a close association between climate, fire and vegetation in Australia 
through at least the last 20 million years (e.g. Kershaw eta/. 1994b). Kershaw eta/. (1997a) have 
suggested that the argument for the involvement of people in environmental change rests 
predominantly on a geologically late acceleration of rates of landscape change and disruption of 
previous vegetation-environment relationships. Although noting theories of a general drying trend in 
the last 500,000 years and ecological drift as alternative explanations, they have argued that the fact 
that almost all changes from a range of environments occurred within the last 200,000 years appears 
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to demand an alternative explanation to that of climate. These authors have also noted that the 
evidence for human causality becomes more substantial in the more recent records. 
The majority of changes in the vegetation and charcoal records from Redhead Lagoon appear to 
correlate with periods of significant climatic fluctuation (Section 9.4.2), although trends in 
Casuarinaceae and Eucalyptus may have also been influenced by soil salinisation (Section 9.3). 
However, from the early Holocene onwards there is evidence of increases in disturbed ground taxa 
and the 'fire adapted' genus Eucalyptus, along with increased charcoal concentrations (Figure 9.4). 
In the absence of climatic stress these increases may be a result of human activity. This includes the 
activities of Aboriginal people during the Holocene and subsequently the activities of European 
settlers in the last two centuries. It is noteworthy that the earliest tangible evidence of Aboriginal 
presence in the area comes from the early Holocene, i.e. a radiocarbon age of around 7,850 BP 
from one of the nearest archaeological deposits - a shell midden at Swansea, located near the 
entrance of Lake Macquarie (Dyall and Bentley 1973, 1975). 
An increase in Typha (to its highest levels in the sequence) occurred from the mid-Holocene (Figure 
9.3). Lourandos (1997) has noted that the most important wetland plants, those most extensively 
used by the Aborigines, were two species of Typha. One of these is T. orienta/is, the only Typha 
species found today at Redhead Lagoon. Head (1986) has also suggested that the co-existence in 
swamp sediments of high charcoal concentrations and Typha pollen is likely to indicate 
predominantly anthropogenic influences. She explained that Typha swamps, generally growing in 
open water, rarely burn naturally and points to many ethnographic records of regular firing of Typha 
stands. For example, early European observers noted that Typha was burned off by the Aborigines 
as 'a sort of cultivation' (Grey 1841 :292). In addition, at Lynch's Crater, charcoal increases during 
this period have been attributed to fires on the swamp surface, possibly as part of a strategy by the 
Aboriginal population to utilise swamp food plants such as Typha (Kershaw 1983). 
A positive relationship between increases in charcoal concentrations and Eucalyptus has also been 
found at several sites in the Sydney Basin from the mid to late Holocene (Kodela 1996). The 
increases in charcoal at these sites have been linked with Aboriginal burning practices and/or the 
migration of hunter-gathering Aboriginal people into the site. Kodela (1996) has argued that these 
findings might reflect a regional pattern of more frequent or higher intensity fires maintaining 
Eucalyptus communities or vice versa during the late Holocene. 
Finally, the significant increase in charcoal abundance, and hence fire activity, since the arrival of 
Europeans at Redhead Lagoon is in agreement with the findings of many studies from various 
locations within Australia (e.g. Bega Swamp (Green et a/. 1988); Tower Hill (D'Costa et a/.1989); 
Lake Curlip (Boon and Dodson 1992); the Delegate River (Gell eta/. 1993); the Roberston Plateau 
(Kodela 1996); Jibbon Lagoon (Mooney eta/. 2001)]. However, several other studies carried out in 
the Sydney Basin do not show this pattern (e.g. Kodela and Dodson 1988; Johnson 1994; Martin 
1994; Dodson eta/. 1995). Mooney eta/. (2001) have argued that there is a number of reasons that 
may explain the differences between charcoal abundances at these sites. Most studies in the Sydney 
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basin, apart from that of Mooney et a/. (2001 ), used the microscopic rather than the macroscopic 
charcoal counting method. As discussed in Section 9.4.1, microscopic charcoal records probably 
reflect regional rather than local fires. In addition, differences in charcoijl patterns may reflect spatial 
variation in the use of fire by different groups of Aborigines in the region (Mooney et at. 2001). 
9.5 Summary 
Section 9.2 examined the vegetation reconstruction from Redhead Lagoon within the context of 
other studies and known information. In particular, the similarities and differences between the 
results of this study and other palaeoenvironmental records obtained from Australia were compared. 
This examination revealed that the pattern of vegetation changes seen at Redhead Lagoon is 
broadly comparable with the cyclical pattern of climatically induced changes (alternating open 
herbaceous and woodland/ forest communities) seen in many other pollen records in southeastern 
Australia. However, as is to be expected, there is some variation in particular species and exact 
proportions of taxa. This section also revealed a vegetation change that has been noted in other 
records from southeastern Australia, i.e. increasing values of Poaceae relative to Asteraceae type B. 
One of the major trends seen in many pollen diagrams from southeastern mainland Australia is the 
sharp increase in the incidence of Casuarinaceae around the end of the last glacial and in the early 
Holocene and its subsequent decline relative to Eucalyptus in the latter stages of the Holocene. This 
has been attributed to increases in burning, soil salinisation and moisture availability. The same 
pattern may also be observed at Redhead Lagoon, although the timing of the Casuarinaceae 
expansion is earlier at this site. An examination of changing Chenopodiaceae/Casuarinaceae ratios, 
an indicator of salt-tolerance, appears to suggest that periods of soil salinisation may have 
contributed to the changing representation of major taxa such as Casuarinaceae and Eucalyptus 
over the last glacial period. While reduced moisture availability may have facilitated the expansion of 
Casuarinaceae relative to Eucalyptus in the early Holocene, the restriction of Casuarinaceae 
representation during earlier arid periods indicates that another factor (perhaps soil salinity) appears 
to have been in operation. The charcoal record from Redhead Lagoon indicates that a decline in 
Casuarinaceae representation throughout the Holocene cannot be attributed to increased burning. 
Finally, in Section 9.4 the relative importance of climatic and human influences (particularly through 
human burning regimes) in causing environmental change at Redhead Lagoon is assessed. The 
majority of changes in the vegetation and charcoal records obtained from Redhead Lagoon appear 
to correlate with periods of significant climatic fluctuation. However, the records indicate that human 
burning may have caused landscape change from the early Holocene - initially resulting from the 
behaviour of Aboriginal people and subsequently from the activities of European settlers in the last 
two centuries. 
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10.0 CHAPTER 10: Conclusions 
Late Quaternary environmental changes in the coastal lower Hunter - Newcastle region of New 
South Wales have been determined through the investigation of palaeoenvironmental proxies 
(sedimentary and magnetic properties, pollen and charcoal analyses) from a number of sediment 
cores taken from Redhead Lagoon. The results of this study have produced a palaeoenvironmental 
record that spans the last full glacial cycle (approximately the last 75,000 years). This sequence 
adds to the limited number of long-term records in Australia and for this region in particular. The 
main findings are now summarised. 
• A combination of AMS radiocarbon and optically stimulated luminescence dating has revealed 
that two of the cores obtained from Redhead Lagoon (Cores E12b and E12c) preserve a record 
of approximately 75,000 years of environmental history. Four OSL ages from these two 
cores and thirty-three AMS radiocarbon ages, using a variety of pre-treatment methods, have 
been obtained from three cores at this site making this one of the most comprehensively dated 
long-term records of this type thus far in Australia. 
• The radiocarbon ages obtained in this study highlight the need for caution in the 
interpretation of 14C dating. They revealed age inversions, which have been attributed to older 
carbon contamination at this site. They also revealed a pattern of intra-site variability, as a hiatus 
appears to be present in the sediment record of Core E12b during MIS 2, which is not apparent 
in Core E12c. The difference between these the two cores may be a result of post-depositional 
processes within the lake basin and raises the question of whether such within-site variability is 
also typical of other sites. This study highlights the benefits of using multiple cores to avoid this 
potential problem, an approach rarely used in Australia. 
• Site-specific sedimentation rates have been calculated for three cores and reveal distinct 
periods of low and accelerated rates of sedimentation throughout the last 75,000 years. 
The lowest rates occurred during the period spanning the height and end of the last glacial, while 
the values recorded for the European period are higher than any other recorded period 
throughout the last 75,000 years. 
• The analysis of modern vegetation-pollen dynamics at this site has revealed that most of the 
modern vegetation at this site is under-represented, with significantly fewer taxa over-
represented. The only group that is largely well-represented is the other trees vegetation 
category, with the genus Eucalyptus in particular being over-represented in the pollen spectra. 
The analysis of the modern vegetation-pollen dynamics from this study adds to the limited 
database of modern vegetation-pollen relationships in Australia. In particular, this work 
supplements the little that has been done on the dry sclerophyll coastal forests of southeastern 
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Australia. The results of this work will be of use for future palynological studies in this type of 
environment. 
• Pollen analysis has shed light on the nature and composition of the vegetation during the last 
glacial cycle. The pattern of vegetation changes seen at Redhead Lagoon broadly compares 
with the cyclical pattern of climatically induced changes seen in many other pollen records in 
southeastern Australia. Alternating open herbaceous and woodland/forest communities appear 
to correspond with stadial and interstadial periods respectively. 
• The dryland pollen assemblage indicates a sequence of very different environments during the 
last 75,000 years at this site. There was dramatic environmental upheaval during the initial 
stages of the last glacial period (MIS 5 and early MIS 4) when the site of Redhead Lagoon was 
a mobile dune system, with only semi-arid communities present. The absence of permanent 
water during this period also meant the site lacked the capacity to support any aquatic 
communities. The dune sand appears to have come from the cliff-top dunes on nearby Dudley 
Bluff. These originated during an earlier Pleistocene phase of lower sea level. 
• During the subsequent stages of MIS 4 and 3, the dryland pollen indicates the presence of an 
open herbaceous steppe vegetation existing under dry climatic conditions, with the possible 
dominance of a winter rainfall regime. Following this, the pollen results obtained from Core E12c 
indicate that the driest phase of the last glacial cycle co-incides with MIS 2. 
• The dryland pollen assemblage indicates that following the height of the last glacial period, the 
late glacial and Pleistocene - Holocene transition were periods of significant environmental 
fluctuation. Redhead Lagoon was possibly characterised by a harsh and dry (semi-arid) 
environment with low water balances. The major features include the continued representation 
from the latter stages of the LGM of a Casuarinaceae dominated open sclerophyll woodland in 
association with grassland, in conjunction with increased minerogenic sediment influx leading 
into the Holocene period. Lower water balances may have been caused by an increase in 
evapotranspiration, as a result of increasing temperatures during this period. 
• The Holocene marks the start of a period of climatic amelioration at this site, characterised by 
highly organic sediment deposition, an increase in pollen taxa diversity and the disappearance of 
several open and disturbed environment indicators (e.g. the glacial taxon Asteraceae type B). 
Higher water balances (and the possible attainment of maximum effective precipitation) from the 
early to mid-Holocene are suggested by the development of wet sclerophyll forest and the 
highest incidence in the entire record of taxa such as Pomaderris and Me/aleuca. This correlates 
with a possible switch to a summer rainfall dominated climatic regime. An increase in summer 
rainfall during the early to middle Holocene correlates with the findings from other terrestrial and 
marine pollen evidence in Australia. Finally, in the latter stages of the Holocene there is an 
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overall increase in herbaceous taxa, which may suggest a period of climatic deterioration in the 
period immediately preceding the arrival of European settlers in the catchment. 
• The aquatic pollen assemblage indicates a pattern of hydroseral succession throughout the 
last 75,000 years. Initially, the mobile dune system and dry lake basin supported no aquatic 
vegetation. Following this, throughout most of the glacial period, the aquatic pollen record 
indicates the presence of shallow and fluctuating water levels in the lake basin supporting 
abundant levels of colonising aquatic taxa. Haloragaceae and Myriophyllum in particular 
dominate the aquatic vegetation assemblage. However, there is a significant change in the 
aquatic pollen assemblage during the Holocene. There are increases in many aquatic taxa, such 
as Cyperaceae and Triglochin initially, followed by Restionaceae and Typha. These increases, in 
conjunction with a continued rise in the dryland to aquatic taxa ratio, indicates the attainment of 
more open (possibly deeper), stable and freshwater conditions in the lake basin during the 
Holocene. 
• Pollen analysis also reveals a major vegetation change superimposed on the broad climatically 
induced changes in the record obtained from Redhead Lagoon. This is a change towards a more 
open understorey vegetation assemblage, characterised by increasing values of Poaceae 
relative to Asteraceae (particularly type B) since approximately 35,000 years ago. A similar 
trend has been noted in other records from southeastern Australia. 
• One of the major features of many pollen diagrams from southeastern mainland Australia is the 
sharp increase in the incidence of Casuarinaceae around the end of the last glacial and 
early Holocene, followed by its subsequent decline relative to Eucalyptus in the latter 
stages of the Holocene. This trend is also seen at this site. An examination of changing 
Chenopodiaceae/Casuarinaceae ratios, an indicator of salt-tolerance, suggests that soil 
salinisation may have contributed to the changing representation of major taxa such as 
Casuarinaceae and Eucalyptus over the last glacial period at Redhead Lagoon. Reduced 
moisture availability may have facilitated the expansion of Casuarinaceae relative to Eucalyptus 
in the early Holocene. However, the restriction of Casuarinaceae during earlier arid periods 
indicates that another factor (perhaps soil salinity) may have been in operation. The charcoal 
record from Redhead Lagoon suggests that a decline in Casuarinaceae representation 
throughout the Holocene cannot be attributed to increased burning. 
• Most existing Australian charcoal records have been based on counts of microscopic charcoal 
(which provides only a regional record of fire history) rather than counts of macroscopic charcoal 
(which enable the reconstruction of more local fire histories). Both microscopic and macroscopic 
charcoal counting methods have been employed in this study. Not only has this allowed 
comparisons to be made with other microscopic charcoal records, but importantly has also 
allowed the assessment of the macroscopic charcoal method over a longer period than 
has previously been possible in Australia. An evaluation of the two methods has revealed 
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several notable differences in the charcoal results obtained for this site. In particular, the 
macroscopic charcoal method appears to have recorded several local fire events that the 
microscopic charcoal record was unable to distinguish. 
• The combined microscopic and macroscopic charcoal history of this site has revealed significant 
fluctuations over the past 75,000 years. It also provides a contribution towards the debate 
about human impact on environmental change (particularly through anthropogenic 
burning regimes). Variations in charcoal abundances in this record appear to reflect both 
climatic and human influences. For instance, high, although fluctuating, values of both 
microscopic and macroscopic charcoal fragments are recorded during MIS 4 and 3. These may 
have been a consequence of the drier conditions during this period, which would have facilitated 
burning. A more arid type of climate, possibly in conjunction with a more dominant winter rainfall 
regime, may have led to a drying of the vegetation. Dry fuel during summers could have 
facilitated fire during this time, most probably initiated by the passage of lightning storms. 
• From around 35,000 years ago, the palaeoecological record from Redhead Lagoon indicates a 
correlation between sustained vegetation change, such as the increasing representation 
of Poaceae relative to Asteraceae, and decreasing fire activity. As the start of the changes 
in vegetation precede the start of changes in charcoal concentrations, it is unlikely that an 
increase in fire initiated vegetation change at this site. In addition, the persistence of obligate 
seeding trees and shrubs, including species within the genera Banksia and Acacia, in the pollen 
record at Redhead Lagoon after this time indicates that fire frequency was not sufficiently high to 
cause their local extinction. Alternatively, it is possible that the vegetation became more open 
and ceased to support frequent or intense fires from this time. This resulted in a reduction in 
charcoal concentrations, which is sustained until the early to mid-Holocene period. This change 
may correspond with the start of a period of increased aridity that has been suggested from 
geomorphic evidence from southwestern NSW (Bowler et a/. 2003) and with the start of a period 
of high ENSO variability (Kershaw et a/. 2003b). The decrease in charcoal concentrations is 
similar to that from sites such as Darwin Crater (western Tasmania), Lake Terang (western 
Victoria) and marine core GC-17 (offshore northwestern Australia). However, records obtained 
from sites such as Lynch's Crater and marine site ODP-820 (northeast Queensland), and Lake 
Wangoom (western Victoria) show the opposite trend. 
• From the early Holocene there are increases in both disturbed ground indicators and the 'fire 
adapted' genus Eucalyptus, in conjunction with increased charcoal concentrations. Such 
increases in the absence of climatic stress may be a result of anthropogenic burning. In 
addition, there are significant increases in the aquatic wetland plant Typha during the mid-
Holocene. Typha was extensively used by the Aborigines, and the coexistence in swamp 
sediments of high charcoal concentrations and Typha pollen is thought to indicate predominantly 
anthropogenic influences (e.g. Head 1986). Environmental change as a result of anthropogenic 
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use of fire at this site appears to have resulted from the activities of Aboriginal people during the 
early to mid-Holocene combined with the activities of European settlers in the last two centuries 
• The period of European settlement marks the start of significant modifications of the 
catchment surface. Changes include the introduction of several 'exotic' taxa, significant 
increases in sediment accumulation rates and fire regimes, and a possible increase in nutrient 
levels. In addition, there has been a decline in several tree and rainforest taxa, which may reflect 
land clearing practices and the increasing fragmentation of forest communities after European 
settlement. It appears that the most dramatic environmental changes were associated with the 
activities of the first settlers. Changes in the dominant land use and activities on the catchment 
surface within the European period have had far more impact on the landscape than climatic and 
other natural fluctuations during this period. 
The results of this study have also revealed several possible limitations. There is strong evidence 
supporting the presence of a hiatus between c. 28,000 and 12,000 years ago, which means that the 
main core used in this study (E12b) is not continuous. However, the use of a multiple coring strategy 
for this project has helped to overcome this problem, as the record of another core (Core E12c) has 
successfully filled in this gap in the record of E12b. The presence (or not) of any short-term climatic 
oscillations was also examined in this thesis. Unfortunately the resolution of this record has made 
the consideration of high-resolution environmental variation difficult, although it would have been 
hard to improve the sampling resolution due to the physical limits of the core. 
There is much scope for further research at this site in order to gain a better understanding of the 
environmental changes that have occurred over time. Seismic analysis revealed the potential for 
even longer sediment cores to be extracted from this site. Within site variability in sedimentation 
patterns indicates that there is also potential for obtaining higher resolution records from cores from 
different locations in the lake basin. In addition, a detailed lake level history and salinity record could 
possibly be reconstructed using stable isotopes or trace elements of diatoms and ostracods. This is 
potentially possible at Redhead Lagoon, as a limnological survey carried out by Timms (1976) found 
the presence of an ostracod (Cypridopsis sunebris) in Redhead Lagoon, which is unusual for this 
type of lake (Timms 1976, 1986). 
Overall, this study has highlighted the use of lake sediment-based studies to determine patterns and 
rates of environmental change during the Late Quaternary. This study has filled in a gap in the 
spatial distribution of long-term records in Australia. This is important for a greater understanding of 
landscape response to climatic change, as the magnitude and pattern of environmental change in 
Australia is complex, both spatially and temporally. Regional long-term studies are thus crucial to 
understanding the nature of environmental change. The results from this study clearly demonstrate 
this, as the pattern and timing of environmental change revealed in the Redhead record are not 
necessarily identical to those recorded at other sites across the continent. For example, the 
vegetation history at Redhead Lagoon provides one of the few records of trees during the LGM in 
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Australia. The relatively early occurrence of the expansion of Casuarinaceae at this site is also 
different to its timing at most other sites in southeastern Australia. These sites predominantly record 
an expansion of Casuarinaceae from the latter stages of the last glagial period and the early 
Holocene. 
The record obtained from Redhead Lagoon essentially highlights the importance of changes in 
climate in determining patterns of vegetation and fire histories. Changes in vegetation patterns, such 
as the increase in Poaceae relative to Asteraceae, followed by a decline in charcoal concentrations 
centred around c. 35 ka are possibly the result of significant climate change around this time. 
Interestingly, a decline in charcoal concentrations at this site is in contrast with increasing charcoal 
concentrations at many sites at this time. Although Aboriginal burning regimes have elsewhere been 
suggested as a possible cause of vegetation change, there is no evidence that there was any 
significant anthropogenic impact on the environment around Redhead Lagoon until the mid-
Holocene. On the other hand, the record has clearly demonstrated the dramatic environmental 
consequences of European settlement at this site in the last two centuries. 
N J Williams Chapter 1 O· Conclusions 267 
.. 
saJualaJall 
:11 »HldVHJ 
• 
11.0 References 
Allen, J. A., and Holdaway, S. (1995). The contamination of Pleistocene radiocarbon determinations in 
Australia. Antiquity 69, 101-112. 
Alley, R. B., Mayewski, P. A., Sowers, T., Stuiver, M., Taylor, K. C., and Clark, P. U. (1997). Holocene climatic 
instability: a prominent, widespread event 8200 yr ago. Geology 25, 483-486. 
Anker, S. A., Calhoun, E. A., Barton, C. E., Peterson, M., and Barbetti, M. (2001). Holocene vegetation and 
palaeoclimatic and palaeomagnetic History from Lake Johnston, Tasmania. Quaternary Research 56, 
264-274. 
Ashton, D. H. (1981). Fire in tall open forests (wet sclerophyll forests). In "Fire and the Australian Biota." (A.M. 
Gill, R. H. Groves, and I. R. Noble, Eds.), pp. 339-366. Australian Academy of Science, Canberra. 
Asioli, A., Trincardi, F., Lowe, J. J., and Oldfield, F. (1999). Short-term climate changes during the Last Glacial-
Holocene transition: comparison between Mediterranean records and the GRIP event stratigraphy. 
Journal of Quaternary Science 14, 373-381. 
Augustinus, P.C, Fink, D., Calhoun, E. A., and Brown, R. (2003). Cosmogenic 10Be and 26AI ages from 
Quaternary glacial sequences from western Tasmania: implications for regional paleoclimate. In 
"Australasian Quaternary Association Biennial Conference." (M. Marra, and D. Kennedy, Eds.), p. 3. 
Australasian Quaternary Association, Westport. 
Austin, K., Buyong, N. B., Manton, P., Smith, D., Sullivan, R., and Wright. A. (1995). "Land of the Awabakal." 
Yamteen Aboriginal and Torres Strait Islanders Corporation, Newcastle. 
Bairstow, D. (1987). Burwood Copper Smelter Manage~s House Site Historical Archaeological Report. Hunter 
District Water Board, Newcastle. 
Bale, C. L., and Williams, J. B. (1994). Lost and found: Nothofagus moorei at Comboyne. Cunninghamia 3, 
529-533. 
Banks, J. C. G. (1989). A history of forest fire in the Australian Alps. In "The Scientific Significance of the 
Australian Alps." (R. B. Good, Ed.), pp. 265-280. Australian Alps National Parks Liason Committee, 
Australian Academy of Science, Canberra. 
Barber, D. C., Dyke, A., Hillaire-Marcel, C., Jennings, A. E., Andrews, J. T., Kerwin, M. W., Bilodeau, G., 
McNeely, R., Southons, J., Morehead, M.D., and Gagnon, J. M. (1999). Forcing of the cold event of 
8200 years ago by catastrophic drainage of Laurentide lakes. Nature 400, 344-348. 
Barbetti, M.A., and Allen, H. (1972). Prehistoric man at Lake Mungo, Australia, by 32,000 B.P. Nature 240, 46-
48. 
Bard, E. (1999). Ice age temperatures and geochemistry. Science 284, 1133-1134. 
Barkley, F. (1934). The statistical theory of pollen analysis. Ecology 15, 283-289. 
Barrows, T. T., Ayress, M.A., and Hunt, G. R. (1996). A reconstruction of last glacial maximum sea-surface 
temperatures in the Australasian region. Quaternary Australasia 14, 27-31. 
Barrows, T. T., Stone, J. 0., Fifield, L. K., and Cresswell, R. G. (2002). The timing of the Last Glacial Maximum 
in Australia. Quaternary Science Reviews 21, 159-173. 
Barrows, T. T., Stone, J. 0., Fifield, L. K., and Cresswell, R. G. (2001). Late Pleistocene glaciation of the 
Kosciuszko Massif, Snowy Mountains, Australia. Quaternary Research 55, 179-189. 
Batley, G. E. (1991). Current heavy metal status of Lake Macquarie. In "Lake Macquarie: an Environmental 
reappraisal." (J. H. Whitehead, R. W. Kidd, and H. A. Bridgman, Eds.), pp. 17-27. University of 
Newcastle and Lake Macquarie City Council, Belmont. 
Battarbee, R. W., and Digerfeldt, G. (1976). Palaeoecological studies of the recent development of Lake 
Vaxjosjon. I. Introduction and chronology. Archaeology and Hydrobiology 77, 330-346. 
Baxter, N., and McDonald, K. (1984). Flora of the Redhead-Dudley-Jewells area. Hunter Natural History, 46-
68. 
N J Williams Chapter 11· References 268 
The env1ronmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
Bayly, I. A. (1964). Chemical and biological s1udies on some acidic lakes of east Australian sandy coastal 
lowlands. Australian Journal of Marine and Freshwater Resources 15, 56-72. 
Beck, J. W., Recy, J., Taylor, F., Edwards, R. L., and Cabioch, G. (1997). Abrupt changes in early Holocene 
tropical sea surface temperature derived from coral records. Nature~85, 705-707. 
Bennett, K. D., and Willis, K. J. (2001). Pollen. In "Tracking Environmental Change Using Lake Sediments. 
Volume 3: Terrestrial, Algal and Siliceous Indicators." (J.P. Smol, H. J. B. Birks, and W. M. Last, 
Eds.). Kluwer Academic Publishers, Dordrecht, 5-32. 
Benson, D., and Howell, J. (1990). "Taken for Granted- the Bushland of Sydney and its Suburbs." Kangaroo 
Press, Kenthurst. 
Benson, J.S., and Redpath, P. A. (1997). The nature of pre-European native vegetation in south-eastern 
Australia: a critique of Ryan, D. G., Ryan, J.R. and Starr, B.J. (1995) The Australian Landscape-
Observations of Explorers and Early Settlers. Cunninghamia 5, 285-328. 
Benson, J.S. (1991). The effect of 200 years of European settlement on the vegetation and flora of New South 
Wales. Cunninghamia 2, 343-370. 
Berglund, B. E., and Ralska-Jasiewiczowa, M. (1986). Pollen analysis and pollen diagrams. In "Handbook of 
Holocene Palaeoecology and Palaeohydrology." (B. E. Berglund, Ed.), pp. 455-484. John Wiley and 
Sons Ltd, Chichester. 
Bird, M.l., and Grocke, D. R. (1997). Determination of the abundance and carbon-isotope composition of 
elemental carbon in sediments. Geochemica et Cosmochimica Acta 61, 3413-3423. 
Bird, M.l., Ayliffe, L. K., Fifield, L. K., Turney, C. S.M., Cresswell, R. G., Barrows, T. T., and David, B. (1999). 
Radiocarbon dating of 'old' charcoal using a wet oxidation, stepped-combustion procedure. 
Radiocarbon 41, 127-140. 
Bird, M. I. (1995). Fire, prehistoric humanity, and the environment. Interdisciplinary Science Reviews 20, 141-
154. 
Birks, H. J. B., and Gordon, A. D. (1985). "Numerical Methods in Quaternary Pollen Analysis." Academic 
Press, London. 
Bjorck, J., and Wastegard, S. (1999). Climate oscillations and tephrochronology in eastern middle Sweden 
during the last glacia~interglacial transition. Journal of Quaternary Science 14,399-410. 
Bjorck, S. A., and Hakansson, S. (1982). Radiocarbon dates from Late Weichselian lake sediments in south 
Sweden as a basis for chronostratigraphic subdivisions. Boreas 11, 141-150. 
Bjorck, S. A., and Wohlfarth, B. (2001). Chronostratigraphic techniques in paleolimnology. In "Tracking 
Environmental Change Using Lake Sediments. Volume 1: Basin Analysis, Coring and Chronological 
Techniques." (W. M. Last, and J.P. Smol, Eds.). Kluwer Academic Publishers, Dordrecht, 205-246. 
Black, M., and Mooney, S.D. (in press). Holocene fire history from the Greater Blue Mountains World Heritage 
Area, New South Wales, Australia: the climate, humans and fire nexus. To appear in: Regional 
Environmental Change. 
Bloemendal, J., Oldfield, F., and Thompson, R. (1979). Magnetic measurements used to assess sediment 
influx at Llyn Goddionduon. Nature 280, 50-53. 
Blong, R. J., and Gillespie, R. (1978). Fluvially transported charcoal gives erroneous 14C ages for recent 
deposits. Nature 271,739-741. 
Blunier, T., and Brook, E. J. (2001). Timing of millennial-scale climate change in Antarctica and Greenland 
during the last glacial period. Science 291, 109-112. 
Blunier, T., Chappellaz, J., Schwander, J., Dallenbach, A., Stauffer, B., Stocker, T. F., Raynaud, D., Jouzel, J., 
Clausens, H. B., Hammer, C. U., and Johnsen, S. J. (1998). Asynchrony of Antarctic and Greenland 
climate change during the last glacial period. Nature 394, 739-743. 
Blyton, G., and Turner, J. W. (1996). "The Aboriginals of Lake Macquarie: a Brief History." Lake Macquarie 
City Council, Speers Point. 
Bodkin, F. (1991). "Encyclopaedia Botanica." Cornstalk Publishing, Sydney. 
N J Williams Chapter 11: References 269 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
Bond, G., Broecker, W., Johnsen, S., McManus, J., Labeyrie, L., Jouzel, J., and Bonani, G. (1993). 
Correlations between climate records from North Atlantic sediments and Greenland ice. Nature 365, 
143-147. 
Bond, G., Heinrich, H., Broecker, W., Labeyrie, L., McManus, J., Andrews, J.,-1-iuon, S., Jantschik, R., Clasen, 
S., Simet, C., Tedesco, K., Klas, M., Bonani, G. and Ivy, S. (1992). Evidence for massive discharges 
of icebergs into the North Atlantic ocean during the last glacial period. Nature 360, 245-249. 
Bond, G., Showers, W., Cheseby, M., Lotti, R., Almasi, P., deMenocal, P., Priore, P., Cullen, H., Hajdas, 1., and 
Bonani, G. (1997). A pervasive millennial-scale cycle in North Atlantic Holocene and Glacial climates. 
Science 278, 1257-1266. 
Bond, G. C., Showers, W., Elliot, M., Evans, M., Lotti, R., Hajdas, 1., Bonani, G., and Johnson, S. (1999). The 
North Atlantic's 1-2 kyr climate rhythm: relation to Heinrich Events, DansgaardiOeschger Cycles and 
the Little Ice Age. In "Mechanisms of Global Climate Change at Millennia! Time Scales." (P. U. Clark, 
R.S. Webb & L.D. Keigwin, Ed.). American Geophysical Union, Washington, D.C. 
Boon, S., and Dodson, J. R. (1992). Environmental response to landuse at Lake Curlip, East Gippsland, 
Victoria. Australian Geographical Studies 30, 207-222. 
Boughton, V. H. (1970). "A survey of the literature concerning the effects of fire on the forests of Australia". 
Harvard Press, Sydney. 
Bowler, J. M. (1978a). Glacial age aeolian events at high and low altitudes: a Southern Hemisphere 
perspective. In "Antarctic Glacial History and World Paleoenvironments." (E. M. Van Zinderen Bakker, 
Ed.), pp. 149-172. Balkema, Rotterdam. 
Bowler, J. M. (1981). Australian salt lakes, a palaeohydrologic approach. Hydrobiologia 82, 431-444. 
Bowler, J. M. (1982). Aridity in the Late Tertiary and Quaternary of Australia. In "Evolution of the Flora and 
Fauna of Arid Australia." ()N. R. Barker, and P. J. M. Greenslade, Eds.), pp. 35-46. Peacock 
Publications, Adelaide. 
Bowler, J. M. (1986). Quaternary landform evolution. In "Australia, a Geography. Volume 1. The Natural 
Environment." (D. N. Jeans, Ed.), pp. 117-147. Sydney University Press, Sydney. 
Bowler, J. M. (1998). Willandra Lakes revisited: environmental framework for human occupation. Archaeology 
in Oceania 33, 120-155. 
Bowler, J. M. (2000). Pluvial aspects of the LGM: evidence from SE Australia. In "Regional Analysis of 
Australian Quaternary Studies: Strengths, Gaps and Future Directions." (J. W. Magee, and P. De 
Deckker, Eds.), pp. 11-12. Australian National University, Canberra. 
Bowler, J. M., Duller, G. A. T., Perret, N., Prescott, J. R., and Wyrwoll, K. H. (1998). Hydrologic changes in 
monsoonal climates of the last glacial cycle: stratigraphy and luminescence dating of Lake Woods, 
N.T., Australia. Palaeoclimates 3, 179-207. 
Bowler, J. M., Johnston, H., Olley, J. M., Prescott, J. R., Roberts, R. G., Shawcross, W., and Spooner, N. A. 
(2003). New ages for human occupation and climatic change at Lake Mungo, Australia. Nature 421, 
837-840. 
Bowler, J. M., Jones, R., Allen, H., and Thorne, A. G. (1970). Pleistocene human remains from Australia: a 
living site and human cremation from Lake Mungo, western New South Wales. World Archaeology 2, 
39-60. 
Bowler, J. M., and Price, D. M. (1998). Luminescence dates and stratigraphic analyses at Lake Mungo: review 
and new perspectives. Archaeology in Oceania 33, 156-168. 
Bowler, J. M., and Thorne, A. G. (1976). Human remains from Lake Mungo: discovery and excavation of Lake 
Mungo Ill. In "The Origin of the Australians." (R. L. Kirk, and A. G. Thorne, Eds.), pp. 127-138. 
Australian Institute of Aboriginal Studies, Canberra. 
Bowler, J. M., and Wasson, R. J. (1984). Glacial age environments of inland Australia. In "Late Cainozoic 
Palaeoclimates of the Southern Hemisphere." (J. C. Vogel, N. Sasson, V. Vogel, and A. Fuls, Eds.), 
pp. 183-208. Balkema, Rotterdam. 
Bowman, D. M. J. S. (1998). The impact of Aboriginal landscape burning on the Australian biota. New 
Phytologist 140, 385-410. 
N J Williams Chapter 11 References 270 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
Bowman, D. M. J. S., and Brown, M. J. (1986). Bushfires in Tasmania: a botanical approach to anthropological 
questions. Archaeology in Oceania 21, 166-171. 
Boyd, W. E. (1992). "A Pollen Flora of the Native Plants of South Australia and Southern Northern Territory, 
Australia." Royal Geographical Society of Australasia (SA Branch), AEielaide. 
Boyd, W. E., and Hall, V. A. (1998). Landmarks on the frontiers of palynology: an introduction to the IX 
International Palynological Congress Special Issue on New Frontiers and Applications in Palynology. 
Review of Palaeobotany and Palynology 103, 1-1 0. 
Bradbury, J.P. (1986). Late Pleistocene and Holocene paleolimnology of two mountain lakes in western 
Tasmania. Palaios 1, 381-388. 
Branagan, D. F. (1972). "Geology and Coal Mining in the Hunter Valley 1791-1861." Newcastle City Council, 
Newcastle. 
Brandes, I. (2003). "Burning Questions: Australia's Bushfire Policy." Water Research Laboratory, Canberra. 
Briggs, D.J. (1977a). "Sediments". Butterworths, London, 192 pp. 
Briggs, D.J. (1977b). "Soils". Butterworths, London, 192 pp. 
Broecker, W.S. (1986). Oxygen isotope constraints on surface ocean temperatures. Quaternary Research 26, 
121-134. 
Broecker, W.S. (1998). Paleocean circulation during the last deglaciation: a bipolar seesaw? 
Paleoceanography 13, 119-121. 
Broecker, W.S., Bond, G., Klas, M., Clark, E., and McManus, J. (1992). Origin ofthe northern Atlantic's 
Heinrich events. Climate Dynamics 6, 265-273. 
Broecker, W. S. (2000). Abrupt climate change: causal constraints provided by the palaeoclimate record. 
Earlh-Science Reviews 51,137-154. 
Broecker, W. S., and Denton, G. H. (1989). The role of ocean-atmosphere reorganisations in glacial cycles. 
Geochemica et Cosmochimica Acta 53, 2465-2501. 
Broecker, W. S., Peteet, D. M., and Rind, D. (1985). Does the ocean-atmosphere system have more than one 
stable mode of operation? Nature 315, 21-25. 
Brooks, J., Grant, P.R., Muir, M., Van Gijzel, P. and Shaw, G. E. (1971). "Sporopollenin." Academic Press, 
London. 
Brown, K. L., Gadd, L. S., Norton, T. W., Williams, J. E., and Klomp, N. I. (1998). "The effects of fire on fauna 
in the Australian Alps National Parks: a Database". The Johnstone Centre, Charles Sturt University, 
Wagga Wagga. 
Callieux, A. (1942). Les actions eolians periglaciares en Europe. Memoires de Ia Societe Geologique de 
France 46, 1-176. 
Chalson, J. M., and Martin, H. A. (1995). The pollen morphology of some co-occurring species of the family 
Myrtaceae from the Sydney region. Proceedings of the Linnean Society of New South Wales 115, 
163-191. 
Chappell, J. (1983a). A revised sea level record for the last 300,000 years from Papua New Guniea. Search 
14,99-101. 
Chappell, J. (1985). Dating the past and Australia's environmental future. Search 16, 216-219. 
Chappell, J. (1991). Late Quaternary environmental changes in eastern and central Australia, and their climatic 
interpretation. Quaternary Science Reviews 10, 377-390. 
Chappell, J. (2002). Sea level changes forced ice breakouts in the last glacial cycle: new results from coral 
terraces. Quaternary Science Reviews 21, 1229-1240. 
Chappell, J. (2003). Snowy Mountains much colder and drier at end of the last Ice Age. Australian 
Archaeological Association, Jindabyne. 
Chappell, J., Head, J., and Magee, J. W. (1996a). Beyond the radiocarbon limit in Australian archaeology and 
Quaternary research. Antiquity 70, 543-52. 
N J Wilhams Chapter 11: References 271 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon_ eastern NSW 
Chappell, J., Omura, A., Esat. T., McCulloch, M., Pandolfi, J., Ota, Y., and Pillans, B. (1996b}. Reconciliation of 
late Quaternary sea levels derived from coral terraces at Huon Peninsula with deep sea oxygen 
isotope records. Earth and Planetary Science Letters 141,227-236. 
Chappell, J., and Shackleton, N.J. (1986}. Oxygen isotopes and sea level. Nature 324, 137-140. 
Chappell, J., and Thorn, B. G. (1977}. Sea levels and coasts. In "Sunda and Sahul." (J. Allen, J. Golson, and 
R. Jones, Eds.}, pp. 275-291. Academic Press, London. 
Charles, D. F., and Smol, J.P. (1994}. Long-term chemical changes in lakes: quantitative inferences from 
biotic remains in the sediment record. In "Environmental Chemistry of Lakes and Reservoirs." (L. A. 
Baker, Ed.}, pp. 3-32. American Chemical Society, Washington, DC. 
Charles, D. F., Smol, J.P., and Engstrom, D. R. (1994). Palaeolimnological approaches to biological 
monitoring. In "Biological Monitoring of Aquatic Systems." (S. L. Loeb, and A. Spacie, Eds.}. CRC 
Press, Boca Raton. 
Chen, Y. (1988}. Early Holocene population expansion of some rainforest trees at Lake Barrine basin, 
Queensland. Australian Journal of Ecology 13, 225-233. 
Cheney, N. P. (1993}. The changing fire environment in Australia. In "The Burning Question: Fire Management 
in NSW." pp. 25-31. Department of Continuing Education, University of New England, Arrnidale. 
Chenhall, B. E., Yassini, 1., Depers, A. M., Caitcheon, G., Jones, B. G., Batley, G. E., and Ohmsen, G. S. 
(1995}. Anthropogenic marker evidence for accelerated sedimentation in Lake lllawarra, New South 
Wales, Australia. Environmental Geology 26, 124-135. 
Chivas, A. R., Garcia, A., Vander Kaars, S., Couapel, M. J. J., Holt, S., Reeves, J. M., Wheeler, D. J., Switzer, 
A. D., Murray-Wallace, C. V., Banerjee, D., Price, D. M., Wang, S. X., Pearson, G., Edgar, N. T., 
Beaufort, L., DeDeckker, P., Lawson, E., and Cecil, C. B. (2001}. Sea-level and environmental 
changes since the last interglacial in the Gulf of Carpentaria, Australia: an overview. Quaternary 
lnternational83-85, 19-46. 
Christensen, P. E., Recher, H. F., and Hoare, J. (1981}. Responses of open forests (dry sclerophyll forests} to 
fire regimes. In "Fire and the Australian Biota." (A. M. Gill, R. H. Groves, and I. R. Noble, Eds.), pp. 
367-393. Australian Academy of Science, Canberra. 
Church, M. (1980}. Records of recent geomorphological events. In "Timescales in Geomorphology." (R. A. 
Cullingford, D. A. Davidson, and J. Lewin, Eds.}, pp. 13-29. John Wiley, Chichester. 
Clark, J. S. (1988a}. Particle motion and the theory of charcoal analysis: source area, transport, deposition and 
sampling. Quaternary Research 30, 67-80. 
Clark, J. S. (1988b}. Stratigraphic charcoal analysis on petrographic thin sections: application to fire history in 
northwestern Minnesota. Quaternary Research 30, 81-91. 
Clark, J. S., Lynch, J. B., Stocks, B., and Goldammer, J. (1998}. Relationships between charcoal particles in 
air and sediments in west-central Siberia. The Holocene 8, 19-29. 
Clark, R. L. (1982}. Point count estimation of charcoal in pollen preparations and thin sections of sediments. 
Pollen et Spores 24, 523-535. 
Clark, R. L. (1983}. Pollen and charcoal evidence for the effects of Aboriginal burning on the vegetation of 
Australia. Archaeology in Oceania 18, 32-37. 
Clark, S. S., and Mcloughlin, L. C. (1986}. Historical and biological evidence for fire regimes in the Sydney 
region prior to the arrival of Europeans: implications for future bushland management. Australian 
Geographer17, 101-112. 
Clouten, K. H. (1967}. "Reid's Mistake: the Story of Lake Macquarie from its Discovery until1890." Lake 
Macquarie Shire Council, Speers Point. 
Calhoun, E. A. (1986}. Field problems of radiocarbon dating in Tasmania. Papers and Proceedings of the 
Royal Society of Tasmania 120, 1-6. 
Calhoun, E. A. (1996}. Application of Iversen's Glacial-Interglacial cycle to interpretation of the late last glacial 
and Holocene vegetation history of western Tasmania. Quaternary Science Reviews 15, 557-580. 
N J Williams Chapter 11. References 272 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
Colhoun, E. A. (2000). Vegetation and climate change during the Last Interglacial-Glacial cycle in western 
Tasmania, Australia. Palaeogeography, Palaeoclimatology, Palaeoecology 155, 195-209. 
Colhoun, E. A., Pola, J. S., Barton, C. E., and Heijnis, H. (1999). Late Pleistocene vegetation and climate 
history of Lake Selina, western Tasmania. Quaternary lntemational57158, 5-23. 
Colhoun, E. A., and Van de Geer, G. (1986). Holocene to Middle Last Glaciation vegetation history at 
Tullabardine Dam, western Tasmania. Proceedings of the Royal Society of London B 229, 177-207. 
Colhoun, E. A., and Van de Geer, G. (1988). Darwin Crater, the King and Linda Valleys. In "Cainozoic 
Vegetation of Tasmania. Handbook prepared for the 7th International Palynological Congress." pp. 
30-71. Department of Geography, University of Newcastle. 
Colhoun, E. A., Van de Geer, G., and Mock, W. G. (1982). Stratigraphy, pollen analysis, and palaeoclimatic 
interpretation of Pulbeena Swamp, northwestern Tasmania. Quaternary Research 18, 108-126. 
Colhoun, E. A., and Fitzsimons, S. J. (1990). Late Cainozoic glaciation events in western Tasmania, Australia. 
Quaternary Science Reviews 9, 199-216. 
Colonna, M., Casanova, J., Dulle, W. C., and Camoin, G. (1996). Sea-level changes and 160 record for the 
past 34,000 yr from Mayotte Reef, Indian Ocean. Quaternary Research 46, 335-339. 
Cook, D. E., Gale, S. J., and Williams, N. J. (2004). Sedimentary records of the impact of European settlement 
in eastern Australia. In "Institute of Australian Geographers 2004 Conference." Stamford Grand Hotel, 
Glenelg, South Australia. 
Cooper, W. S. (1958). Coastal sand dunes of Oregon and Washington. Memoirs of the Geological Society of 
America 104, 131 pp. 
Coventry, R. J. (1976). Abandoned shorelines and the late Quaternary history of Lake George, NSW. Journal 
of the Geological Society of Australia 23, 249-273. 
Coventry, R. J., and Walker, P. H. (1977). Geomorphological significance of Late Quaternary deposits ofthe 
Lake George Area, NSW. Australian Geographer 13, 369-376. 
Croke, J., Magee, J., and Price, D. (1996). Major episodes of Quaternary activity in the lower Neales River, 
northwest of Lake Eyre, central Australia. Palaeogeography, Palaeoclimatology, Palaeoecology 124, 
1-15. 
Crowley, G. M. (1994a). Quaternary soil salinity events and Australian vegetation history. Quaternary Science 
Reviews 13, 15-22. 
Crowley, G. M. (1994b). Groundwater rise, soil salinisation and the decline of Casuarina in southeastern 
Australia during the late Quaternary. Australian Journal of Ecology 19,417-424. 
Crowley, G. M., and Kershaw, A. P. (1994). Late Quaternary environmental change and human impact around 
Lake Bolac, western Victoria, Australia. Journal of Quaternary Science 9, 367-377. 
Cupper, M. (1998). Casuarinaceae:Chenopodiaceae pollen ratios and soil salinization in the Murray-Darling 
Basin. Quaternary Australasia 16, 28-34. 
Cupper, M., and Ward, B. (2000). Palaeoecological transition in southwestern NSW: ecosystem changes in 
pollen assemblages revealed by fuzzy analysis. Quaternary Australasia 18, 34-40. 
Daly, M. T. (1966). "The Growth of Newcastle and its Suburbs." Hunter Valley Research Foundation 
Monograph, Newcastle. 
Dansgaard, W., Johnsen, S. J., Clausen, H. B., Dahl-Jensen, D., Gundestrup, N. S., Hammer, C. U., Hvidberg, 
C. S., Steffensen, J.P., Sveinbjornsdottir, A. E., Jouzel, J., and Bond, G. (1993). Evidence for general 
instability of past climate from a 250 kyr ice-core record. Nature 364, 218-220. 
Davies, B.E. (1974). Loss-on-ignition as an estimate of soil organic matter. Soil Science Society of America 
Proceedings 38, 150-151 . 
Davies, S.M., Turney, C. S.M., and Lowe, J. J. (2001). Identification and significance of a visible, basalt-rich 
Vedde Ash layer in a Late-glacial sequence on the Isle of Skye, Inner Hebrides, Scotland. Journal of 
Quaternary Science 16, 99-104. 
N J Wil\Jams Chapter 11· References 273 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
Davis, 0. K. (2001). Palynology: an important tool for discovering historic ecosystems. In "The Historical 
Ecology Handbook." (D. Egan, and E. A. Howell, Eds.), pp. 229-255. Island Press, Washington, D.C. 
Dawson, R. (1830). "The present state of Australia: a description of the country, its advantages and prospects, 
with reference to emmigration: and a particular account of the manners, customs and conditions of its 
original Aboriginal inhabitants." Smith, Elder and Co., London. 
D'Costa, D. M., Edney, P., Kershaw, A. P., and DeDeckker, P. (1989). Late Quaternary palaeoecology of 
Tower Hill, Victoria, Australia. Journal of Biogeography 16, 461-482. 
D'Costa, D. M., and Kershaw, A. P. (1995). A Late Pleistocene and Holocene pollen record from Lake Terang, 
Western Plains of Victoria, Australia. Palaeogeography, Palaeoclimatology, Palaeoecology 113, 57-
67. 
De Boer, D. H. (1997). Changing contributions of suspended sediment sources in small basins resulting from 
European settlement on the Canadian Prairies. Earth Surface Processes and Landforms 22, 623-639. 
Dearing, J.A. (1986). Core correlation and total sediment influx. In "Handbook of Palaeoecology and 
Palaeohydrology." (B. E. Berglund, Ed.), pp. 247-270. Wiley, New York. 
Dearing, J.A. (1999). Magnetic susceptibility. In "Environmental Magnetism: a Practical Guide." (J. Walden, F. 
Oldfield, and J.P. Smith, Eds.). Technical Guide No.6. Quaternary Research Association, London. 
Dearing, J. A., Dann, R.J.L., Hay, K., Lees, J. A., Loveland, P. J., Maher, B. A., and O'Grady, K. (1996a). 
Frequency-dependent susceptibility measurements of environmental materials. Geophysical Journal 
lntemational124, 228-240. 
Dearing, J. A., Elner, J. K., and Happey-Wood, C. M. (1981). Recent sediment flux and erosional processes in 
a Welsh upland lake-catchment based on magnetic susceptibility measurements. Quaternary 
Research 16, 356-372. 
Dearing, J. A., Hay, K. L., Baban, S.M. J., Huddleston, A. S., Wellington, E. M. H., and Loveland, P. J. 
(1996b). Magnetic susceptibility of soil: an evaluation of conflicting theories using a national data set. 
Geophysical Joumallntemational127, 728-734. 
DeDeckker, P. (1986). What happened to the Australian aquatic biota 18,000 years ago? In "Limnology in 
Australia." (P. DeDeckker, and W. D. Williams, Eds.), pp 487-496. Junk, The Hague. 
DeDeckker, P. (2001). Late Quaternary cyclic aridity in tropical Australia. Palaeogeography, 
Palaeoclimatology, Palaeoecology 170, 1-9. 
DeDeckker, P., Correge, T., and Head, J. (1991 ). Late Pleistocene record of cyclic eolian activity from tropical 
Australia suggesting the Younger Dryas is not an unusual climatic event. Geology 19, 602-605. 
Denton, G. H., and Hendy, C. H. (1994). Younger Dryas Age Advance of Franz Josef Glacier in the Southem 
Alps of New Zealand. Science 264, 1434-1437. 
Denton, G. H., Heusser, C. J., Lowell, T.V., Moreno, P. 1., Andersen, B. G., Heusser, L. E., Schluchter, C., and 
Marchant, D. R. (1999). Interhemispheric linkage of palaeoclimate during the last glaciation. 
Geografiska Annaler81 A, 107-153. 
Department of Mineral Resources (1994). Sydney Basin. In "Min Fact." Pamphlet produced by the NSW 
Department of Mineral Resources, Sydney. 
Dobrin, M. B., and Savit, C. H. (1988). "Introduction to Geophysical Prospecting." McGraw-Hill Book Company, 
New York. 
Docherty, J. C. (1983). "Newcastle: the Making of an Australian City." Hale & lremonger, Sydney. 
Dodson, J.R., Fullagar, R., and Head, L. (1992). Dynamics of environment and people in the forested 
crescents of temperate Australia. In "The Naive Lands: Prehistory and Environmental Change in 
Australia and the Southwest Pacific." (J.R. Dodson, Ed.), pp. 115-159. Longman Cheshire, 
Melbourne. 
Dodson, J. R. (1974). Vegetation and climatic history near Lake Keilambete, Western Victoria. Australian 
Journal of Botany 22, 709-717. 
Dodson, J. R. (1975). Vegetation history and water fluctuations at Lake Leake, southeastern South Australia, 
II, 50,000 BP to 10,000 BP. Australian Journal of Botany 23, 815-831. 
N J Williams Chapter 11 References 274 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon_ eastern NSW 
Dodson, J. R. (1977a). Pollen deposition in a small closed drainage basin lake. Review of Palaeobotany and 
Palynology 24, 179-193. 
Dodson, J. R. (1977b). Late Quaternary palaeoecology of Wyrie Swamp, southeastern South Australia. 
Quaternary Research 8, 97-114. • 
Dodson, J. R. (1979). Late Pleistocene vegetation and environments near Lake Bullenmerri, western Victoria. 
Australian Journal of Ecology 4, 419-427. 
Dodson, J. R. (1983). Modern pollen rain in southeastern New South Wales, Australia. Review of 
Palaeobotany and Palynology 38, 249-268. 
Dodson, J. R. (1994). Quaternary vegetation history. In "Australian Vegetation." (R. H. Groves, Ed.), pp. 37-56. 
Cambridge University Press, Cambridge. 
Dodson, J. R., Chant, J. A, and Daly, J. (1995). Human impact recorded in an urban wetland's sediments in 
Sydney, Australia. Man and Culture in Oceania 11, 113-124. 
Dodson, J. R., Greenwood, P. W., and Jones, R. L. (1986). Holocene forest and wetland dynamics at 
Barrington Tops, New South Wales. Journal of Biogeography 13, 561-585. 
Dodson, J. R., McRae, V. M., Molloy, K., Roberts, F., and Smith, J. D. (1993). Late Holocene human impact on 
two coastal environments in New South Wales, Australia: a comparison of Aboriginal and European 
impacts. Vegetation History and Archaeobotany 2, 89-100. 
Dodson, J. R., and Myers, C. A (1986). Vegetation and modern pollen rain from the Barrington Tops and 
Upper Hunter River regions of New South Wales. Australian Journal of Botany 34, 293-304. 
Dodson, J. R., and Wright, R. V. S. (1989). Humid to arid to subhumid vegetation shift on Pilliga Sandstone, 
Ulungra Springs, New South Wales. Quaternary Research 32, 182-192. 
Dodson, J. R. and Mooney, S. D. (2002). An assessment of historic human impact on south-eastern Australian 
environmental systems, using late Holocene rates of environmental change. Australian Journal of 
Botany 50, 455-464. 
Dodson, J. R., and Ono, Y. (1997). Timing of late Quaternary vegetation response in the 30-50' latitude bands 
in southeastern Australia and northeastern Asia. Quaternary lntemational37, 89-104. 
Droxler, A. W., Poore, R. Z., and Burckle, L. H. (2003). Earth's climate and orbital eccentricity: the Marine 
Isotope Stage 11 question. Geophysical Monograph 137. American Geophysical Union, Washington, 
DC. 
Dyall, L. K. (1971 ). Aboriginal occupation of the Newcastle coastline. Hunter Natural History 3, 154-168. 
Dyall, L. K. (1972). Aboriginal occupation in the Dudley-Jewells Swamp area. Hunter Natural History 4, 168-
177. 
Dyall, L. K., and Bentley, F. (1973). "Progress Report on Excavations at Swansea Midden". NPWS Holdings, 
Sydney. 
Dyall, L. K., and Bentley, F. (1975). "Archaeological Excavations at Swansea". Annual Report. NPWS 
Holdings, Sydney. 
Ede, C., Prout, A., McKernan, A, Lee, S., Prout, R., Tonks, E., Lee, J., and Shilling, K. (1987). "A History of 
Dudley". Dudley Public School, Dudley. 
Edney, P. A., Kershaw, A. P., and De Deckker, P. (1990). A Late Pleistocene and Holocene vegetation and 
environmental record from Lake Wangoom, Western Plains of Victoria, Australia. Palaeogeography, 
Palaeoclimatology, Palaeoecology 80, 325-343. 
Edwards, K. (1991). Soil formation and erosion rates. In "Soils: their Properties and Management." (P. E. V. 
Charman, and B. W. Murphy, Eds.), pp. 36-47. Sydney University Press, Sydney. 
Edwards, K. J., and Rowntree, K. M. (1980). Radiocarbon and palaeoenvironmental evidence for changing 
rates of erosion at a Flandrian stage site in Scotland. In "Timescales in Geomorphology." (R. A 
Cullingford, D. A. Davidson, and J. Lewin, Eds.), pp. 207-223. John Wiley & Sons, Chichester. 
English, P., Spooner, N. A., Chappell, J., Questiaux, D. G., and Hill, N. G. (2001). Lake Lewis basin, central 
Australia: environmental evolution and OSL chronology. Quaternary lntemational83-85, 81-101. 
N J W1ll1ams Chapter 11· References 275 
The environmental reconstruction of the last glac1al cycle at Redhead Lagoon_ eastern NSW 
Erdtman, G. (1943). "An Introduction to Pollen Analysis." Chronica Botanies Company, Waltham. 
Erdtman, G. (1969). "Handbook of Palynology: An Introduction to the Study of Pollen Grains and Spores." 
Scandinavian University Press, Munksgaard. 
Evans, J., and O'Connor, T. (1999). "Environmental Archaeology: Principles and Methods." Sutton Publishing, 
Gloucestershire. 
Evans, M.E., and Heller, F. (2003). "Environmental Magnetism: Principles and Applications of 
Enviromagnetics". Academic Press, San Diego. 
Faegri, K., and Iversen, J. (1950). "Text-book of Modern Pollen Analysis." Ejnar Munksgaard, Copenhagen. 
Faegri, K., and Iversen, J. (1989). "Textbook of Pollen Analysis". 4th Edition. Wiley, Chichester. 
Fagan, B. (2000). "The Little Ice Age: How Climate Made History 1300-1850." Basic Books, New York. 
Fink, D., Hotchkis, M., Hua, Q., Jacobsen, G., Smith, A. M., Zoppi, U., Child, D., Mifsud, C., van der Gaast, H., 
Williams, A., and Williams, M. (2004). The ANTARES AMS Facility at ANSTO. Nuclear Instruments 
and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms 223-224, 
109-115. 
Fitter, A. H. (1978). "An Atlas of the Wild Flowers of Britain and Northern Europe." Collins, London. 
Flannery, T. F. (1990). Pleistocene faunal loss: implications ofthe aftershock for Australia's past and future. 
Archaeology in Oceania 25, 45-55. 
Flannery, T. F. (1994). "The Future Eaters: An Ecological History of the Australian Lands and People." Reed 
Books, Sydney. 
Flenley, J.R. (2003). Some prospects for lake sediment analysis in the 21st century. Quaternary International 
105, 77-80. 
Flood, J. (1980). "The Moth Hunters." Australian Institute of Aboriginal Studies, Canberra. 
Florence, R. G. (1994). The ecological basis of forest fire management in New South Wales. In "The Burning 
Continent, Forest Ecosystems and Fire Management in Australia, Current Issues." (P. Attiwill, R. G. 
Florence, W. E. Hurditch, and W. J. Hurditch, Eds.}, pp. 15-33. Institute of Public Affairs. 
Franklin, N. J. (1997). "The late Holocene record of environmental change, as preserved in the sediments of 
Redhead Lagoon, Eastern New South Wales." Unpublished B.Ec (Soc. Sci.) Honours thesis, 
Department of Geography, University of Sydney. 
Franklin, N.J. (2003). Environmental reconstruction during the last glacial-interglacial cycle in eastern NSW, 
Australia. Quaternary Newsletter 100, 63-{;5. 
Franklin, N. J., Gale, S. J., Harle, K., and Heijnis, H. (2003). A lake sediment record of Late Holocene 
environmental change and European settlement impacts in eastern NSW, Australia. Poster presented 
at the Australasian Quaternary Association Biennial Meeting. Westport, New Zealand. 
Frenzel, B., Pecsi, M., and Velichko, A. (1992). "Atlas of Palaeoclimates and Palaeoenvironments of the 
Northern Hemisphere, Late Pleistocene-Holocene." Springer Verlag, New York. 
Friedman, G. M. (1967). Dynamic processes and statistical parameters compared for size frequency 
distribution of beach and river sands. Journal of Sedimentary Petrology 37, 327-354. 
Fullagar, R. L. K., Price, D. M., and Head, L. M. (1996). Early human occupation of northern Australia: 
archaeology and thermoluminescence dating of Jinmium rock-shelter, Northern Territory. Antiquity 70, 
751-773. 
Gabriel, K. R. (1995). Biplot display of multivariate categorical data, with comments on multiple 
correspondence analysis. In "Recent advances in descriptive multivariate analysis." (IN. J. 
Krzanowski, Ed.), pp. 190-225. Clarendon Press, Oxford. 
Gagan, M. K., Hendy, E. J., Haberle, S. G., and Hantoro, W. S. (2004). Post-glacial evolution ofthe Indo-
Pacific Warm Pool and El Nino-Southern oscillation. Quaternary lntemational118-119, 127-143. 
N J Will1ams Chapter 11: References 276 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon. eastern NSW 
Gale, S. J. (2003). Making the European landscape: early contact environmental impact in Australia. In 
"Geography's New Frontiers." The Geographical Society of New South Wales Conference Papers 17, 
7-16. 
Gale, S. J., and Haworth, R. J. (2002). Beyond the Limits of Location: human e"vironmental disturbance prior 
to official European contact in early colonial Australia. Archaeology in Oceania 37, 123-136. 
Gale, S. J., and Haworth, R. J. (2005). Catchment-wide soil loss from pre-agricultural times to the present: 
transport- and supply-limitation of erosion. Geomorphology 68, 314-333. 
Gale, S. J., Haworth, R. J., Cook, D. E., and Williams, N.J. (2004). Human impact on the natural environment 
in early colonial Australia. Archaeology in Oceania 39, 148-156. 
Gale, S. J., Haworth, R. J., and Pisanu, P. C. (1995). The 210Pb chronology of late Holocene deposition in an 
eastern Australian lake basin. Quatematy Science Reviews 14, 395-408. 
Gale, S. J., and Hoare, P. G. (1991). "Quaternary Sediments: Petrographic Methods for the Study of Unlithified 
Rocks." John Wiley & Sons, Chichester and New York. 
Gale, S. J., and Pisanu, P. C. (2001). The late-Holocene decline of Casuarinaceae in southeast Australia. The 
Holocene 11, 485-490. 
Galloway, R. W. (1965). Late Quaternary climates in Australia. Journal of Geology 73, 603-618. 
Galloway, R. W. (1986). Australian snow-fields past and present. In "Flora and Fauna of Alpine Australasia: 
Ages and Origins." (B. A. Barlow, Ed.). CSIRO, Melbourne. 
Gates, W. L. (1976a). The numerical simulation of Ice-Age climate with a global general circulation model. 
Journal of Atmospheric Sciences 33, 1844-1873. 
Gates, W. L. (1976b). Modelling the Ice Age climate. Science 191, 1138-1144. 
Gell, P. A., and Stuart, I. M. (1989). "Human Settlement History and Environmental Impact. The Delegate River 
Catchment, East Gippsland, Victoria". Department of Geography and Environmental Science, Monash 
University, Melbourne. 
Gell, P. A., Stuart, I. M., and Smith, J.D. (1993). The reponse of vegetation to changing fire regimes and 
human activity in East Gippsland, Victoria, Australia. The Holocene 3, 150-160. 
Gill, A.M. (1975). Fire and the Australian flora: a review. Australian Forestty 38,4-25. 
Gill, A. M. (1977). Management of fire-prone vegetation for plant species conservation in Australia. Search 8, 
20-26. 
Gill, A.M. (1981). Post-settlement fire history in Victorian landscapes. In "Fire and the Australian Biota." (A.M. 
Gill, R. H. Groves, and I. R. Noble, Eds.), pp. 77-106. Australian Academy of Science, Canberra. 
Gill, A. M., Bradstock, R. A., and Williams, J. E. (2002). Fire regimes and biodiversity: legacy and vision. In 
"Flammable Australia: The Fire Regimes and Biodiversity of a Continent." (R. A. Bradstock, J. E. 
Williams, and A. M. Gill, Eds.), pp. 429-446. Cambridge University Press, Cambridge. 
Gill, A.M., Groves, R. H., and Noble, I. R. (1981). "Fire and the Australian Biota". Australian Academy of 
Science, Canberra. 
Gillespie, R. (1997). Burnt and unburnt carbon: dating charcoal and burnt bone from the Willandra Lakes, 
Australia. Radiocarbon 39, 225-236. 
Gillespie, R., Hammond, A. P., Goh, K. M., Tonkin, P. J., Lowe, D. C., Sparks, R. J., and Wallace, G. (1992). 
AMS radiocarbon dating of a Late Quaternary tephra site at Graham's Terrace, New Zealand. 
Radiocarbon 34, 21-28. 
Glew, J. R., Smol, J.P., and Last, W. M. (2001). Sediment core collection and extrusion. In "Tracking 
Environmental Change Using Lake Sediments. Volume 1: Basin Analysis, Coring and Chronological 
Techniques." f'N. M. Last, and J.P. Smol, Eds.), pp.73-106. Kluwer Academic Publishers, Dordrecht. 
Godfrey, J. S. (1996). The effect of the Indonesian throughflow on ocean circulation and heat exchange with 
the atmosphere: a review. Journal of Geophysical Research 101, 12217-12237. 
Godwin, H. (1964). "History of the British Flora: A Factual Basis for Phyogeography." Cambridge University 
Press, Cambridge. 
N J Williams Chapter 11 References 277 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon_ eastern NSW 
Goede, A., McDermott, F., Hawkesworth, C., Webb, J., and Finlayson, B.L. (1996}. Evidence of Younger Dryas 
and Neoglacial cooling in a Late Quaternary palaeotemperature record from a speleothem in eastern 
Victoria, Australia. Journal of Quaternary Science 11, 1-7. 
Grant, J. (1803}. "The Narrative of a Voyage of Discovery, Performed in His Majesty's Vessel, The Lady 
Nelson, of Sixty Tons Burthen, with Sliding Keels, in the years 1800, 1801 and 1802, to New South 
Wales." Roworth, London. 
Green, D., Singh, G., Polach, H., Moss, D., Banks, J., and Geissler, E. A. (1988}. A fine-resolution 
palaeoecology and palaeoclimatology from south-eastern Australia. Journal of Ecology 76, 790-806. 
Grey, G. (1841 }. "Journals of Two Expeditions of Discovery in North-west and Western Australia, During the 
Years 1837, 38 and 39." Boone, London. 
Grimm, E. C. (1987}. Coniss: a Fortran 77 program for stratigraphically constrained cluster analysis by the 
method of incremental sum of squares. Computers and Geosciences 13, 13-35. 
Grimm, E. C. (1991 }. "Tilia Version 1.12 and Tiliagraph." lllnois State Museum, Springfield. 
Grindrod, J., Moss, P., and van der Kaars, S. (1999}. Late Quaternary cycles of mangrove development and 
decline on the north Australian continental shelf. Journal of Quaternary Science 14, 465-470. 
Grindrod, J., and Rhodes, E. G. (1984}. Holocene sea-level history of a tropical estuary: Missionary Bay, North 
Queensland.ln "Coastal Geomorphology in Australia." (B. G. Thorn, Ed.}, pp. 151-178. Academic 
Press, Sydney. 
Grove, J. M. (1988}. "The Little Ice Age." Methuen, New York. 
Guilderson, T. P., Fairbanks, R. G., and Rubenstone, J. L. (1994}. Tropical temperature variations since 
20,000 years ago: modulating interhemispheric climate change. Science 263, 663-665. 
Gunson, N. (1974}. Australian reminiscences & papers of L.E. Threlkeld, Missionary to the Aborigines, 1824-
1859. In "Australian Aboriginal Studies No. 40. Ethnohistory Series No.2." Australian Institute of 
Aboriginal Studies, Canberra. 
Haberle, S. G., Atkinson, A., Heijnis, H., Zoppi, U., Lawson, E., and Kershaw, A. P. (2001 b). Fire, El Nino, and 
Rain Forest Dynamics in Northeast Queensland. Australasian Quaternary Association 2001 Biennial 
Conference. Port Fairy, Victoria. 
Hallam, S.J. (1975}. "Fire and Hearth." Australian Institute of Aboriginal Studies, Canberra. 
Hallam, S. J. (1985}. The history of Aboriginal fires. In "Fire Ecology and Management of Western Australian 
Ecosystems." (J. Ford, Ed.}. WAIT Environmental Studies Group Report No. 14. Western Australian 
Institute of Technology, Perth. 
Hann, J. M. (1986}. Late Quaternary evolution of Botany Bay. In "Recent sediments in Eastern Australia." (E. 
Frankel, J. B. Keene, and A. E. Waltho, Eds.}, pp. 101-116. NSW Division, Geological Society of 
Australia, Sydney. 
Harle, K. J. (1997}. Late Quaternary vegetation and climate change in southeastern Australia: palynological 
evidence from marine core E55-6. Palaeogeography, Palaeoclimatology, Palaeoecology 131, 465-
483. 
Harte, K. J. (1998}. "Patterns of vegetation and climate change in southwest Victoria over approximately the 
last 200,000 years." Unpublished PhD thesis, Monash University, Melbourne. 
Harle, K. J. (2001}. "ANSTO Laboratory Procedure. Document: ENV-1-047-001". ANSTO, Sydney. 
Harle, K. J., Heijnis, H., Chisari, R., Kershaw, A. P., Zoppi, U., and Jacobsen, G. (2002}. A chronology for the 
long pollen record from Lake Wangoom, western Victoria (Australia} as derived from uranium/thorium 
disequilibrium dating. Journal of Quaternary Science 17, 707-720. 
Harle, K.J., Kershaw, A.P., and Clayton, E. (2004}. Patterns of vegetation change in southwest Victoria 
(Australia} over the last two glacial/interglacial cycles: evidence from Lake Wangoom. Proceedings of 
the Royal Society of Victoria 116, 107-139. 
Harte, K.J., Kershaw, A. P., and Heijnis, H. (1999}. The contributions of uranium/thorium and marine 
palynology to the dating of the Lake Wangoom pollen record, Western Plains of Victoria, Australia. 
Quaternary lntemational57158, 25-34. 
N J Williams Chapter 11 References 278 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
Harrison, S. P. (1993). Late Quaternary lake-level changes and climates of Australia. Quaternary Science 
Reviews 12, 211-231. 
Harrison, S. P., and Dodson, J. R. (1993). Climates of Australia and New Guinea-since 18 000 yr B.P. In 
"Global Climates since the Last Glacial Maximum." (H. E. Wright, J. Kutzbach, T. Webb, W.F., 
Ruddiman, F.A. Street-Perrott, and P.J. Bartlein, Eds.), pp. 265-293. University of Minnesota Press, 
Minneapolis. 
Harte, J.P. (1987). Soils and soil erosion with reference to the Sydney region. Geography Bulletin Spring, 
223-233. 
Hawley, S. P., and Brunton, J. S. (1995). 'The Newcastle Coalfield: Notes to accompany the Newcastle 
Coalfield Regional Geology Map'. New South Wales Department of Mineral Resources, Sydney. 
Haworth, R. J., Gale, S. J., Short, S. A., and Heijnis, H. (1999). Land use and lake sedimentation on the New 
England Tablelands of New South Wales, Australia. Australian Geographer 30, 51-73. 
Head, L.M. (1986). Palaeoecological contributions to Australian prehistory. Archaeology in Oceania 21, 121-
127. 
Head, L.M. (1989). Prehistoric Aboriginal impacts on Australian vegetation: an assessment of the evidence. 
Australian Geographer 20, 37-45. 
Heinrich, H. (1988). Origin and consequences of cyclic ice rafting in the Northeast Atlantic Ocean during the 
past 130,000 Years. Quaternary Research 29, 142-152. 
Hesse, P. (1994). The record of continental dust from Australia in Tasman sea sediments. Quaternary Science 
Reviews 13, 257-272. 
Hesse, P.P., Pitman, A., Adamson, D.A., and Kaplan, J. 0. (2000). Constraining LGM climate change in 
southern Australia with proxy evidence of aeolian processes and BlOME 4 modelling of vegetation 
change. In "Regional analysis of Australian Quaternary studies: strengths, gaps and future 
directions." (J. W. Magee, and P. De Deckker, Eds.), pp. 46-47. Australian National University, 
Canberra. 
Hesse, P. P., Humphreys, G. S., Selkirk, P.M., Adamson, D. A., Gore, D. B., Nobes, D. C., Price, D. M., 
Schwenninger, J. L., Smith, B., Tulau, M., and Hemmings, F. (2003). Late Quaternary aeolian dunes 
on the presently humid Blue Mountains, Eastern Australia. Quaternary International 108, 13-32. 
Hesse, P. P., Magee, J. W., and van der Kaars, S. (2004). Late Quaternary climates ofthe Australian arid 
zone: a review. Quaternary International 118-119, 87-102. 
Hesse, P. P., and McTainsh, G. H. (1999). Last Glacial Maximum to early Holocene wind strength in the mid-
latitudes of the Southern Hemisphere from aeolian dust in the Tasman Sea. Quaternary Research 52, 
343-349. 
Hiscock, P. (1986). Technological change in the Hunter River Valley and the interpretation of late Holocene 
change in Australia. Archaeology in Oceania 21, 40-50. 
Hiscock, P., and Kershaw, A. P. (1992). Palaeoenvironments and prehistory of Australia's tropical Top End. In 
"The Naive Lands: Prehistory and Environmental Change in Australia and the Southwest Pacific." 
(J.R. Dodson, Ed.), pp. 43-75. Longman Cheshire, Melbourne. 
Hodgson, J. M. (1978). "Soil Sampling and Soil Description." Oxford University Press, Oxford. 
Hooley, A. D., Southern, W., and Kershaw, A. P. (1980). Holocene vegetation and environments of Sperm 
Whale Head, Victoria, Australia. Journal of Biogeography 7, 349-362. 
Hoorn, J. (1990). "The LycettAibum: Drawings of Aborigines and Australian Scenery." National Library of 
Australia, Canberra. 
Hope, G.S., Kershaw, A. P., van der Kaars, S., Xiangjun, S., Liew, P. M., Heusser, L. E., Takahara, H., 
McGlone, M., Miyoshi, N., and Moss, P. T. (2004). History of vegetation and habitat change in the 
Austral-Asian region. Quaternary International 118-119, 103-126. 
Hope, G. S. (1974). The vegetation history from 6,000 BP to present of Wilsons Promontory, Victoria, 
Australia. New Phytologist 73, 1035-1053. 
N J Williams Chapter 11 References 279 
The environmental reconstruction of the last glac1al cycle at Redhead Lagoon, eastern NSW 
Hope, G. S. (1994). Quaternary vegetation. In "History ofthe Australian Vegetation: Cretaceous to Recent." (R. 
S. Hill, Ed.), pp. 368-389. Cambridge University Press, Cambridge. 
Hopi, F., Shimeld, P., and Pearson, S. (2001). "Pollen Image Management: the Newcastle Digital Collection 
Initiative". No. 44, University of Newcastle Geomorphology and Quaternary Science Research Unit. 
Horton, D. R. (1982). The burning question: Aborigines, fire and Australian ecosystems. Mankind 13, 237-251. 
Houghton, P. D. (1975). Soil erosion within the urban environment- Part 1: recognition of urban erosion. 
Journal of Soil Conservation NSW 31, 172-178. 
Hughes, P. J., and Lampert, R. J. (1982). Prehistoric population change in southern coastal New South Wales. 
In "Coastal Archaeology in Eastern Australia." (S. Bowdler, Ed.), pp. 16-28. Australian National 
University, Canberra. 
Hughes, P. J., and Sullivan, M. E. (1981). Aboriginal burning and late Holocene geomorphic events in eastern 
NSW. Search 12, 277-278. 
Imbrie, J., Berger, A., and Shackleton, N.J. (1993). Role of orbital forcing: a two million year perspective. In 
"Global Changes in the Perspective of the Past." (J. A. Eddy, and H. Oeschger, Eds.), pp. 263-277. 
John Wiley, Chichester and New York. 
Imbrie, J., and Imbrie, K. P. (1979). "Ice Ages: Solving the Mystery." Macmillan, Basingstoke. 
Iversen, J. (1952). Origin of the flora of western Greenland in the light of pollen analysis. Oikos 4, 85-103. 
Iversen, J. (1958). The bearing of glacial and interglacial epochs on the formation and extinction of plant taxa. 
Uppsala Universiteit Arsskrift 6, 210-215. 
Iversen, J. (1964). Retrogressive vegetational succession in the postijlacial. Journal of Ecology, Supplement 
52,59-70. 
Iversen, J. (1969). Retrogressive development of a forest ecosystem demonstrated by pollen diagrams from 
fossil mor. Oikos, Supplementary 12, 35-49. 
Jacobs, M. R. (1955). "Growth Habitats of the Eucalypts". Forest and Timber Bureau, Canberra. 
Jennings, J. N. (1983). Sandstone pseudokarst or karst? In "Aspects of Australian Sandstone Landscapes." 
(R. W. Young, and G. C. Nanson, Eds.), pp. 21-30. University ofWollongong, Wollongong. 
Johnson, A. G. (1994). Late Holocene environmental change on Kurnell Peninsula, NSW. Proceedings of the 
Linnean Society of New South Wales 114, 119-132. 
Johnson, B. J., Miller, G. H., Fogel, M. L., Magee, J. W., Gagan, M. K., and Chivas, A. R. (1999). 65,000 years 
of vegetation change in central Australia and the Australian Summer monsoon. Science 284, 1150-
1152. 
Jones, R. (1969). Fire-stick farming. Australian Natural History 16, 224-228. 
Jouzel, J., Lorius, C., Petit, J. R., Genthon, C., Barkov, N. 1., Kotlyakov, V. M., and Petrov, V. M. (1987). Vostok 
ice core: a continuous isotope temperature record over the last climatic cycle (160,000 years). Nature 
329, 403-407. 
Jouzel, J., Petit, J. R., Barkov, N. 1., Bamola, J. M., Chappellaz, J., Ciais, P., Kotkyakov, V. M., Lorius, C., 
Petrov., V. N., Raynaud, D., and Ritz, C. (1992). The last deglaciation in Antarctica: further evidence 
of a 'Younger Dryas' type climatic event. In "The Last Deglaciation: Absolute and Radiocarbon 
Chronologies." (E. Bard, and W. S. Broecker, Eds.), pp. 229-266. Springer-Verlag, Berlin and 
Heidelberg. 
Keith, D.A. (1996). Fire-driven extinction of plant populations: a synthesis of theory and review of evidence 
from Australian vegetation. Proceedings of the Linnean Society of New South Wales 116, 37-78. 
Keith, D. A., Williams, J. E., and Woinarski, J. C.Z. (2002). Fire management and biodiversity conservation: 
key approaches and principles. In "Flammable Australia: The Fire Regimes and Biodiversity of a 
Continent." (R. A. Bradstock, J. E. Williams, and A.M. Gill, Eds.), pp. 401-425. Cambridge University 
Press, Cambridge. 
Kemp, E. M. (1981). Pre-Quaternary fire in Australia. In "Fire and the Australian Biota." (A.M. Gill, R. H. 
Groves, and I. R. Noble, Eds.), pp. 3-21. Australian Academy of Science, Canberra. 
N J Williams Chapter 11 References 280 
The environmental reconstruction of the last glac1al cycle at Redhead Lagoon. eastern NSW 
Kershaw, A. P. (1970). Pollen morphological variation within the Casuarinaceae. Pollen et Spores 12, 145-161. 
Kershaw, A. P. (1978). Record of the last interglacial-glacial cycle from northeastern Queensland. Nature 272, 
159-161. 
Kershaw, A. P. (1979). Local pollen deposition in aquatic sediments on the Atherton Tableland, north-eastern 
Australia. Australian Journal of Ecology 4, 253-263. 
Kershaw, A. P. (1983). A Holocene pollen diagram from Lynch's Crater, northeastern Queensland, Australia. 
New Phyto/ogist 94, 669-82. 
Kershaw, A. P. (1985). An extended Late Quaternary vegetation record from northeastern Queensland and its 
implications for the seasonal tropics of Australia. Proceedings of the Ecological Society of Australia 
13, 179-189. 
Kershaw, A. P. (1986). Climatic change and Aboriginal burning in north-east Australia during the last two 
glacial/interglacial cycles. Nature 322, 47-49. 
Kershaw, A. P. (1995). Environmental change in Greater Australia. Antiquity69, 656-675. 
Kershaw, A. P., Baird, J. G., D'Costa, D. M., Edney, P. A., Peterson, J. A., and Strickland, K. M. (1991b). A 
comparison of long Quaternary pollen records from the Atherton and Western Plains volcanic 
provinces, Australia. In "The Cainozoic in Australia: a Re-appraisal ofthe Evidence." (M.A. J. 
Williams, P. De Deckker, and A. P. Kershaw, Eds.), pp. 288-301. The Geological Society of Australia, 
Sydney. 
Kershaw, A. P., and Bulman, D. (1996). A preliminary application ofthe analogue approach to the 
interpretation of Late Quaternary pollen spectra from southeastern Australia. Quaternary International 
33, 61-71. 
Kershaw, A. P., Bulman, D., and Busby, J. R. (1994a). An examination of modern and pre-European 
settlement pollen samples from southeastern Australia - assessment of their application to 
quantitative reconstruction of past vegetation and climate. Review of Palaeobotany and Palynology 
82,83-96. 
Kershaw, A. P., Clark, J. S., Gill, A. M., and D'Costa, D. M. (2002). A history of fire in Australia. In "Flammable 
Australia: The Fire Regimes and Biodiversity of a Continent." (R. A. Bradstock, J. E. Williams, and A. 
M. Gill, Eds.), pp. 3-26. Cambridge University Press, Cambridge. 
Kershaw, A. P., D'Costa, D. M., McEwen Mason, J. R. C., and Wagstaff, B. E. (1991a). Palynological evidence 
for Quaternary vegetation and environments of mainland southeastern Australia. Quaternary Science 
Reviews 10, 391-404. 
Kershaw, A. P., eta/. (1993). "Identification, Classification and Evaluation of Peatlands in Victoria". Department 
of Geography and Environmental Science, Monash University, Melbourne. 
Kershaw, A. P., Martin, H. A., and McEwen Mason, J. R. C. (1994b). The Neogene- a period oftransition./n 
"Australian Vegetation History. Cretaceous to Recent." (R. S. Hill, Ed.), pp. 435-462. Cambridge 
University Press, Cambridge. 
Kershaw, A. P., Moss, P. T., and van der Kaars, S. (1997a). Environmental change and the human occupation 
of Australia. Anthropo/ogie 35, 153-161. 
Kershaw, A. P., Moss, P.T., and van der Kaars, S. (2003a). Causes and consequences of long-term climatic 
variability on the Australian continent. Freshwater Biology 48, 1274-1283. 
Kershaw, A. P., and Nanson, G. C. (1993). The last full glacial cycle in the Australian region. Global and 
Planetary Change 7, 1-9. 
Kershaw, A. P., and Nix, H. A. (1988). Quantitative palaeoclimatic estimates from pollen taxa using bioclimatic 
profiles of extant taxa. Journal of Biogeography 15, 589-602. 
Kershaw, A. P., Southern, W., Williams, J. M., and Joyce, L. J. (1983). The vegetation record of the 
southeastern highlands of mainland Australia, 18±2 ka. Proceedings of the First CLIMANZ 
Conference. (J. M.A. Chappell, and A. Grindrod, Eds.), p. 62. Department of Biogeography and 
Geomorphology, Research School of Pacific Studies, Australian National University, Canberra. 
Kershaw, A. P., van der Kaars, S., and Moss, P. T. (2003b). Late Quaternary Milankovitch-scale climatic 
change and variability and its impact on monsoonal Australasia. Marine Geology 201, 81-95. 
N J Will1ams Chapter 11. References 281 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
Kershaw, A. P., Wagstaff, B. E., D'Costa, D. M., O'Sullivan, P., Heijnis, H., and Harle, K. (2000). The last 
million years around Lake Keilambete, western Victoria. In "Quaternary Studies Meeting: Regional 
Analysis of Australian Quaternary Studies: Strengths, Gaps and Future Directions." (J. W. Magee, 
and P. De Deckker, Eds.), pp. 58-60. Australian National University, Canberra. 
Kidd, R. W. (1991). Current heavy metal status of Lake Macquarie.ln "Lake Macquarie: An Environmental 
Reappraisal." (J. H. Whitehead, R. W. Kidd, and H. A. Bridgman, Eds.}, pp. 17-27. University of 
Newcastle, Newcastle. 
Kilby, G. W., and Batley, G. E. (1991). "Techniques for assessing accelerated sedimentation". CSIRO Division 
of coal and energy technology - centre for advanced analytical chemistry, Lake Macquarie. 
Kodela, P. G. (1990a). Modern pollen rain from forest communities on the Robertson Plateau, NSW. Australian 
Journal of Botany 38, 1-24. 
Kodela, P. G. (1990b). Pollen-tree relationships within forests of the Robertson-Moss Vale region, NSW. 
Review of Palaeobotany and Palynology 64, 273-279. 
Kodela, P. G. (1996). "The vegetation of the Robertson Plateau, New South Wales: historical and 
contemporary issues." Unpublished PhD thesis, University of New South Wales, Sydney. 
Kodela, P. G., and Dodson, J. R. (1988). A late Holocene vegetation and fire record from Ku-ring-gai Chase 
National Park, NSW. Proceedings of the Linnean Society of New South Wales 110, 317-326. 
Kohen, J. L. (1996). Aboriginal use of fire in southeastern Australia. Proceedings of the Linnean Society of 
New South Wales 116, 19-26. 
Kovach, W. L. (1995). Multivariate data analysis. In "Statistical modelling of Quaternary Science Data." (D. 
Maddy, and J. S. Brew, Eds.), pp.1-38. Technical Guide Bulletin, Quaternary Research Association, 
Cambridge. 
Krinsley, D. H., and Doomkamp, J. C. (1973). "Atlas of Quartz Sand Surface Textures." Cambridge University 
Press, Cambridge. 
Kukla, G., de Beaulieu, J. L., Svobodova, H., and Andrieu-Ponel, V. (2002a). Tentative correlation of pollen 
records of the last interglacial at Grande Pile and Ribains with marine isotope stages. Quaternary 
Research 58, 32-35. 
Kukla, G., McManus, J. F., Didier Rousseau, D., and Chuine, I. (1997). How long and how stable was the last 
interglacial? Quaternary Science Reviews 16, 605-612. 
Kukla, G. J. (2000). The last interglacial. Science 287, 987-988. 
Lageard, J. (1987). "The palynological investigation of a peat core taken at Park China Clay Pit- Bodmin 
Moor." Unpublished B.Sc. Honours thesis, Department of Geography, University of Hull, Hull. 
Lake Macquarie Council (1971). "Shire Planne~s Report to the Planning Committee: Charlestown Planning 
District". Lake Macquarie Council, Lake Macquarie. 
Lake Macquarie Council (1980). "Newcastle-Lake Macquarie Coastal Study: Discussion Paper- Draft Land Use 
and Management Proposals for Undeveloped Coastal Lands." Lake Macquarie Council, Lake 
Macquarie. 
Lake Macquarie Council (1985). "Lake Macquarie: Past and Present." Lake Macquarie Council, Lake 
Macquarie. 
Lake Macquarie Council (1993). "Lake Macquarie City State of the Environment Report". Lake Macquarie 
Council, Lake Macquarie. 
Lake Macquarie Council (various years). Lake Macquarie Council records. unpublished. 
Lal, R. (1986). Soil surface management in the tropics for intensive land use and high sustained production. 
Advances in Soil Science 5, 2-101. 
Lambeck, K., and Chappell, J. (2001). Sea level change through the last glacial cycle. Science 292, 679-686. 
Lancaster, N., and Tchakerian, V. P. (1996). Geomorphology and sediments of sand ramps in the Mojave 
Desert. Geomorphology 17, 151-165. 
N J Williams Chapter 11. References 282 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon. eastern NSW 
Langford-Smith, T., and Thorn, B. G. (t969). Coastal morphology of New South Wales. Journal of the 
Geological Society of Australia 16, 572-580. 
Law, A. (1975). "Coastal dune systems within the Royal National Park, New South Wales." Unpublished B.Sc. 
Honours thesis, School of Earth Sciences, Macquarie University, Sydney. 
Lawson, E. M., Elliot, G., Fallon, J., Fink, D., Hotchkis, M.A. C., Hua, Q., Jacobsen, G., Lee, P., Smith, A.M., 
Tuniz, C., and Zoppi, U. (2000). AMS at ANTARES- the first 10 years. Nuclear Instruments and 
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms 172, 95-99. 
Le Borgne, E. (1955). Susceptibilite magnetique anormale du sol superficial. Annates de Geophysique. 11, 
399-419. 
Lees, B. G., Hayne, M., and Price, D.M. (1993). Marine transgression and dune initiation on western Cape 
York, northern Australia. Marine Geology 114, 81-89. 
Lees, B. G., Lu, Y., and Head, J. (1990). Reconnaissance thermoluminescence dating of northern Australian 
coastal dune systems. Quaternary Research 34, 169-185. 
Li, P., Treloar, W. J., Flenley, J. R., and Empson, L. (2004). Towards automation of palynology 2: the use of 
texture measures and neural network analysis for automated identification of optical images of pollen 
grains. Journal of Quaternary Science 19, 755-762. 
Lian, 0. B., and Huntley, D. J. (2001). Luminescence dating. In "Tracking Environmental Change Using Lake 
Sediments. Volume 1: Basin Analysis, Coring and Chronological Techniques." fY'J. M. Last, and J.P. 
Smol, Eds.), pp. 261-282. Kluwer Academic Publishers, Dordrecht. 
Lindus, P.M. (1988). "The Redhead Story." Redhead Public School, Redhead. 
Linnick, W., Damon, P. E., Donahue, D. J., and Jull, A. J. T. (1989). Accelerator mass spectrometry: the new 
revolution in radiocarbon dating. Quaternary lnternationa/1, 1-6. 
Long, C. J., Whitlock, C., Bartlein, P. J., and Millspaugh, S. H. (1998). A 9,000 year fire history from the 
Oregon Coast Range, based on a high-resolution charcoal study. Canadian Journal of Forest 
Research 28, 774-787. 
Longmore, M. E. (1997). Quaternary palynological records from perched lake sediments, Fraser Island, 
Queensland, Australia: rainforest, forest history and climatic control. Australian Journal of Botany 45, 
507-526. 
Lourandos, H. (1997). "Continent of Hunter-Gatherers: New Perspectives in Australian Prehistory." Cambridge 
University Press, Cambridge. 
Lowe, J. J., and Walker, M. J. C. (1997). "Reconstructing Quaternary Environments." 2"• Edition. Longman 
Ltd, Harlow. 
Luly, J., and Jacobson, G. (2000). Two new AMS radiocarbon dates from Lake Frome, arid South Australia. 
Quaternary Australasia 18, 29-33. 
Ly, C. K. (1978). Late Quaternary deposits of the Newcastle-Port Stephens area as revealed by grain size 
analysis and scanning electron microscopy. Journal and Proceedings of the Royal Society of New 
South Wales 111, 77-88. 
MacDonald, G. M., Larsen, C. P. S., Szeicz, J. M., and Moser, K. A. (1991). The reconstruction of boreal forest 
fire history from lake sediments: a comparison of charcoal, pollen, sedimentological, and geochemical 
indices. Quaternary Science Reviews 10, 53-71. 
Macphail, M. K. (1979). Vegetation and climates in southern Tasmania since the Last Glaciation. Quaternary 
Research 11 , 306-341. 
Macphail, M. K. (1980). Regeneration processes in Tasmanian forests. Search 11, 184-190. 
Macphail, M. K., and Calhoun, E. A. (1985). Late last glacial vegetation, climates and fire activity in southwest 
Tasmania. Search 16,43-45. 
Macphail, M. K., and Hope, G.S. (2003). "Natural Histories: an Illustrated Guide to Fossil Pollen and Spores 
Preserved in Swamps and Mires on the Southern Highlands of NSW." Department of Archaeology & 
Natural History, Research School of Pacific & Asian Studies, The Australian National University, 
Canberra. 
N J Williams Chapter 11. References 283 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
Macphail, M. K., and Hope, G. S. (1984). Late Holocene mire development in montane southeastern Australia: 
a sensitive climatic indicator. Search 15, 344-9. 
Macphail, M. K., Pemberton, M., and Jacobsen, G. (1999). Peat mounds of southwest Tasmania: possible 
origins. Australian Journal of Earth Sciences 46, 667-677. 
Macphail, M. K., and Martin, A. R. H. (1991). 'Spineless' Asteraceae (episode 2). Palynological and 
Palaeobotanical Association of Australasia Newsletter 23, 1-2. 
Madanes, N., and Dadon, J. R. (1998). Assessment of the minimum sample size required to characterize site-
scale airborne pollen. Grana 37, 239-245. 
Magee, J. W., Bowler, J. M., Miller, G. H., and Williams, D. L. G. (1995). Stratigraphy, sedimentology, 
chronology and palaeohydrology of Quaternary lacustrine deposits at Madigan Gulf, Lake Eyre, South 
Australia. Palaeogeography, Palaeoclimatology, Palaeoecology 113, 3-42. 
Magee, J. W., and Miller, G. H. (1998). Lake Eyre palaeohydrology from 60 ka to the present: beach ridges 
and glacial maximum aridity. Palaeogeography, Palaeoclimatology, Palaeoecology 144, 307-329. 
Markgraf, V. (1993). Younger Dryas in southernmost South America- an update. Quaternary Science Reviews 
12, 351-355. 
Markgraf, V., Bradbury, J. P., and Busby, J. R. (1986). Palaeoclimates in southwestern Tasmania during the 
last 13,000 years. Palaios 1, 368-380. 
Marsh, W. M., and Grossa, J. (1996). "Environmental Geography: Science, Land Use and Earth Systems." 
John Wiley & Sons, New York. 
Marshman, N. A., and Hodgson, B. R. (1991). Thermal discharges from Power Stations to Lake Macquarie. In 
"Lake Macquarie: an Environmental Reappraisal." (J. H. Whitehead, R. W. Kidd, and H. A. Bridgman, 
Eds.), pp. 9-16. Department of Community Programmes, University of Newcastle, Newcastle. 
Martin, A. R. H. (1986a). Late Glacial and Holocene alpine pollen diagrams from the Kosciusko National Park, 
New South Wales, Australia. Review of Palaeobotany and Palynology 47, 367-409. 
Martin, A. R. H. (1986b). Palaeoecology, palaeolimnology, palynology and coastal environment- areas of 
neglect in coastal studies? In "Recent sediments in Eastern Australia." (E. Frankel, J. B. Keene, and 
A. E. Waltho, Eds.), pp. 141-150. NSW Division, Geological Society of Australia, Sydney. 
Martin, A. R. H. (1994). Kurnell Fen: an eastern Australian coastal wetland, its Holocene vegetation, relevant to 
sea-level change and aboriginal land use. Review of Palaeobotany and Palynology 80, 311-332. 
Martin, H. A. (1978). Evolution of the Australian flora and vegetation through the Tertiary: evidence from pollen. 
Alcheringa 11, 181-202. 
Martin, H. A. (1996). Wildfires in past ages. Proceedings of the Linnean Society of New South Wales 116, 3-
18. 
Martin, H.A. (1998). Tertiary climatic evolution and the development of aridity in Australia. Proceedings of the 
Linnean Society of New South Wales 119, 115-136. 
Martinson, D. G., Pisias, N. G., Hays, J.D., Imbrie, J., Moore, T. C., and Shackleton, N.J. (1987). Age dating 
and the orbital theory of the Ice Ages: development of a high-resolution 0 to 300,000- year 
chronostratigraphy. Quaternary Research 27, 1-29. 
Maslin, M., Seidov, D., and Lowe, J. J. (2001). Synthesis ofthe nature and causes of rapid climate transitions 
during the Quaternary. In "The Oceans and Rapid Climate Change: Past, Present, and Future." (D. 
Seidov, B. J. Haupt, and M. Maslin, Eds.), pp. 9-52. Geophysical Monograph 126. American 
Geophysical Union, Washington, DC. 
Matthei, L. E. (1995). "Soil landscapes ofthe Newcastle 1:100,000 Sheet (AIIworth, Stockton, Maitland, 
Paterson)". Department of Land and Water Conservation, Sydney. 
McCulloch, M. T., Mortimer, G., Esat, T., Pillans, B.J., and Chappell, J. (1996). High resolution windows into 
early Holocene climate: Sr/Ca coral records from the Huon Peninsula. Earth and Planetary Science 
Letters 138, 169-178. 
N J Williams Chapter 11· References 284 
The environmental reconstruction of the last glac1al cycle at Redhead Lagoon, eastern NSW 
McCulloch, M. T., Tudhope, A. W., Esat, T. M., Mortimer, G. E., Chappell, J., Pillans, B., and Omura, A. (1999). 
Coral record of equatorial sea-surface temperatures during the penultimate deglaciation at Huon 
Peninsula. Science 283, 202-204. 
McGlone, M.S., Kershaw, A. P., and Markgraf, V. (1992). El Nino/Southern Oscillation climatic variability in 
Australasian and South American paleoenvironmental records. In "EI Nino: Historical and 
Paleoclimatic Aspects of the Southern Oscillation." (H. F. Diaz, and V. Markgraf, Eds.), pp. 435-462. 
Cambridge University Press, Cambridge. 
McKenzie, G. M. (2002). The late Quaternary vegetation history of the south-central highlands of Victoria, 
Australia. II. Sites below 900 m. Austral Ecology 27, 32-54. 
McKenzie, G. M., and Kershaw, A. P. (2000). The last glacial cycle from Wyelangta, the Otway region of 
Victoria, Australia. Palaeogeography, Palaeoclimatology, Palaeoecology 155, 177-193. 
McTainsh, G. H., and Lynch, A. W. (1996). Quantitative estimates of the effect of climate change on dust 
storm activity in Australia during the Last Glacial Maximum. Geomorphology 17, 263-271. 
Melee, J. F. (1999). "Geomorphological controls on infilling of barrier estuaries in Southeastern Australia." 
Unpublished PhD Thesis, University of Sydney, Sydney. 
Merilees, D. (1968). Man the destroyer: late Quaternary changes in the Australian marsupial fauna. Journal of 
the Royal Society of Western Australia 51, 1-24. 
Meyers, P. A., and Teranes, J. L. (2001 ). Sediment organic matter. In "Tracking Environmental Change Using 
Lake Sediments. Volume 2: Physical and Geochemical Methods." fYV. M. Last, and J.P. Smol, Eds.), 
pp.239-270. Kluwer Academic Publishers, Dordrecht. 
Milankovitch, M. (1941). "Canon of insolation and the ice-age problem". Royal Serbian Academy Special 
Publication No. 132. 
Miller, G. H., Magee, J. W., Johnson, B. J., Fogel, M. L., Spooner, N. A., McCulloch, M. T., and Ayliffe, L. K. 
(1999). Pleistocene extinction of Genyornis newtoni: human impact on Australian megafauna. 
Science 283, 205-208. 
Miller, G. H., Magee, J. W., and Jull, A. J. T. (1997). Low latitude glacial cooling in the Southern Hemisphere 
from amino-acid racemization in emu eggshells. Nature 385, 241-244. 
Millspaugh, S. H., and Whitlock, C. (1995). A 750-year fire history based on lake sediment records in central 
Yellowstone National Park, USA. The Holocene 5, 283-292. 
Mitchell, T. L. (1848). "Journal of an Expedition into the Interior of Tropical Australia." Longman, Brown, Green 
and Longmans, London. 
Molyneux, L., Thompson, R., Oldfield, F., and McCallan, M. E. (1972). Rapid measurement of the remanent 
magnetisation of long cores of sediment. Nature 237, 42-43. 
Mooney, S.D., and Dixon, E. (2003). Holocene fire history in the Sydney Basin, NSW, Australia: what do we 
really know? In "Australasian Quaternary Association Biennial Conference." (M. Marra, and D. 
Kennedy, Eds.), pp. 39. Australasian Quaternary Association, Westport. 
Mooney, S. D. (2000). Climate variability over the last 2000 years in SE Australia. In "Regional Analysis of 
Australian Quaternary Studies: Strengths, Gaps and Future Directions." (J. W. Magee, and P. De 
Deckker, Eds.), pp. 74-76. Australian National University, Canberra. 
Mooney, S. D., and Black, M. (2003). A simple and fast method for calculating the area of macroscopic 
charcoal isolated from sediments. Quaternaty Australasia 21 (1}, 18-21. 
Mooney, S. D., and Dodson, J. R. (2001). A comparison of the environmental changes of the post-European 
period with those of the preceeding 2000 years at Lake Keilambete, south-western Victoria. 
Australian Geographer 32, 163-179. 
Mooney, S. D., and Radford, K. (2001). A simple and fast method for the quantification of macroscopic 
charcoal from sediments. Quaternaty Australasia 19, 43-46. 
Mooney, S. D., Radford, K. L., and Hancock, G. (2001 ). Clues to the 'burning question': pre-European fire in 
the Sydney coastal region from sedimentary charcoal and palynology. Ecological Management and 
Restoration 2, 203-212. 
Moore, P. D., Webb, J. A., and Collinson, M. E. (1991). "Pollen Analysis." Blackwell Science Ltd., Oxford. 
N J W1111ams Chapter 11 References 285 
The env1ronmental reconstruction of the last glacial cycle at Redhead Lagoon. eastern NSW 
Morse, R. J., and Outhet, D. N. (1986). Sediment management on a total catchment basis. Journal of Soil 
Conservation 42, 11-14. 
Moss, P. (2000). Late Quaternary environments of the humid tropics of northeastern Australia. Quaternary 
Australasia 18, 26-27. 
Moss, P. T., and Kershaw, A. P. (2000). The last glacial cycle from the humid tropics of northeastern Australia: 
comparison of a terrestrial and a marine record. Palaeogeography, Palaeoclimatology, Palaeoecology 
155, 155-176. 
Mulvaney, J., and Kamminga, J. (1999). "Prehistory of Australia." Allen and Unwin Ply Ltd, Sydney. 
Munro, A. (1984a). Geology. In "Awabakal Nature Reserve Reference Handbook." (B. Gilligan, Ed.), pp. 1-6, 
NSW Department of Education, Newcastle. 
Munro, A. (1984b). Plant associations- Awabakal Reserve. In "Awabakal Nature Reserve Reference 
Handbook." (B. Gilligan, Ed.), pp. 11-14. NSW Department of Education, Newcastle. 
Murray, A. S., and Wintle, A. G. (2000). Luminescence dating of quartz using an improved single-aliquot 
regenerative dose protocol. Radiation Measurements 32, 57-73. 
Nanson, G. C., Young, R. W., and Stockton, E. D. (1987). Chronology and palaeoenvironment of the 
Cranebrook Terrace (near Sydney) containing artefacts more than 40,000 years old. Archaeology in 
Oceania 22, 72-78. 
Nanson, G. C., Chen, X. Y., and Price, D. M. (1995a). Aeolian and fluvial evidence of changing climate and 
wind patterns during the past 100 ka in the western Simpson Desert, Australia. Palaeogeography, 
Palaeoclimatology, Palaeoecology 113, 87-1 02. 
Nanson, G. C., Page, K. J., Callen, R. A., and Price, D. M. (1993). Evidence for changes in the climate and 
moisture regime of Australia over the past 60 ka. Quaternary Australasia 11, 69. 
Nanson, G. C., Price, D. M., and Short, S. A. (1992). Wetting and drying of Australia over the past 300 ka. 
Geology 20, 791-794. 
Nanson, G. C., and Young, R. W. (1988). Fluviatile evidence for a period of Late-Quaternary pluvial climate in 
coastal southeastern Australia. Palaeogeography, Palaeoclimatology, Palaeoecology 66, 45-61. 
Newcastle Flora and Fauna Protection Society. (1983). "Glenrock Natural History: a Proposal for the 
Establishment of a Coastal State Recreation Reserve Between the Newcastle Suburbs of Merewether 
and Dudley." Newcastle Flora and Fauna Protection Society, Newcastle. 
Nicholson, P. H. (1981). Fire and the Australian Aborigine- an enigma. In "Fire and the Australian Biota." (A. 
M. Gill, R. H. Groves, and I. R. Noble, Eds.), pp. 55-75. Australian Academy of Science, Canberra. 
Nix, H. A. (1982). Environmental determinants of biogeography and evolution in Terra Australis. In "Evolution 
of the Flora and Fauna of Arid Australia." fYV. R. Barker, and P. J. M. Greenslade, Eds.), pp. 47-66. 
Peacock Publications. 
Noble, B. (1993). Bush fire management. In "The Burning Question: Fire Management in NSW." (J. E. Ross, 
Ed.). University of New England, Armidale. 
Nowaczyk, N. R. (2001 ). Logging of magnetic suceptibility. In "Tracking Environmental Change Using Lake 
Sediments. Volume 1: Basin Analysis, Coring and Chronological Techniques." fYV. M. Last, and J.P. 
Smol, Eds.), pp. 155-170. Kluwer Academic Publishers, Dordrecht. 
NSW National Parks and Wildlife Service. (1994). "Glenrock State Recreation Area: Draft Plan of 
Managemenr. National Parks and Wildlife Service, Lake Macquarie. 
O'Brien, S. R., Mayewski, P. A., Meeker, L. D., Meese, D. A., Twickler, M.S., and Whitlow, S. I. (1995). 
Complexity of Holocene climate as reconstructed from a Greenland ice core. Science 270, 1962-
1964. 
Oeschger, H. (1986). 14C dating, principles and methods. In "Dating Young Sediments: Proceedings of the 
Workshop held in Beijing, People's Republic of China." (A. J. Hurford, E. Jager, and J. A. M. Ten 
Cate, Eds.), pp. 85-96. CCOP Technical Publication 16. CCOP Technical Secretariat, Beijing. 
N J Williams Chapter 11 References 286 
The enwonmental reconstruction of the last glac1al cycle at Redhead Lagoon, eastern NSW 
Ohkouchi, N., Kawamura, K., Nakamura, T., and Taira, A. (1994). Small changes in the sea surface 
temperatures during the last 20,000 years: molecular evidence from the western tropical Pacific. 
Geophysical Research Letters 21, 2207-2210. 
Oldfield, F. (1977). Lakes and their drainage basins as units of sediment-based' ecological study. Progress in 
Physical Geography 1, 460-504. 
Oldfield, F. (1999). Environmental magnetism; the range of applications. In "Environmental Magnetism: a 
Practical Guide." (J. Walden, F. Oldfield, and J. Smith, Eds.), pp. 212-222. Technical Guide No.6. 
Quaternary Research Association, London. 
Oldfield, F., Appleby, P. G., and Battarbee, R. W. (1978). Alternative 210Pb dating: results from the New Guinea 
Highlands and Lough Erne. Nature 271, 339-342. 
Oldfield, F., Battarbee, R. W., and Dearing, J. A. (1983). New approaches to recent environmental change. 
The Geographical Journa/149, 167-181. 
Oldfield, F., Maher, B. A., Donoghue, J., and Pierce, J. (1985). Particle-size related, mineral magnetic source 
sediment linkages in the Rhode River catchment, Maryland, USA. Journal of the Geological Society of 
London 142, 1035-1046. 
Oldfield, F., and Clark, R. L. (1990). Lake sediment based studies of soil erosion. In "Soil Erosion on 
Agricultural Land." (J. Boardman, I. D. L. Foster, and J. A. Dearing, Eds.), pp. 201-228. John Wiley 
and Sons, Chichester. 
O'Sullivan, P. E., Oldfield, F., and Battarbee, R. W. (1973). Preliminary studies of Lough Neagh sediments. I. 
Stratigraphy, chronology and pollen analysis. In "Quaternary Plant Ecology." (H. J. B. Birks, and R. G. 
West, Eds.), pp. 267-278. Blackwell, Oxford. 
Overpeck, J. T. (1991). Century- to millennium- scale climatic variability during the Late Quaternary. In "Global 
Changes of the Past." (R. S. Bradley, Ed.), pp. 139-173. UCAR/Office for Interdisciplinary Earth 
Studies, Colorado. 
Page, K.J., Nanson, G.C., and Price, D.M. (1996). Chronology of Murrumbidgee River palaeochannels on the 
Riverine Plain, southeastern Australia. Journal of Quaternary Science 11, 311-326. 
Page, K. J., Dare-Edwards, A. J., Nanson, G. C., and Price, D. M. (1994). Late Quaternary evolution of Lake 
Urana, New South Wales, Australia. Journal of Quaternary Science 9, 47-57. 
Pasminco Metals Sulphide Inc. (Undated). Brochure, pp. 13, Boolaroo. 
Patterson, W. A., Edwards, K. J., and Maguire, D. J. (1987). Microscopic charcoal as a fossil indicator of fire. 
Quaternary Science Reviews 6, 3-23. 
Pearce, R. H., and Barbetti, M. (1981 ). A 38,000-year-old archaeological site at Upper Swan, Western 
Australia. Archaeology in Oceania 16, 168-172. 
Pease, P. P., and Tchakerian, V. P. (2003). Geochemistry of sediments from Quaternary sand ramps in the 
southeastern Mojave Desert, California. Quaternary /nternationa/104, 19-29. 
Pennington, W., Cambray, R. S., Eakins, J.D., and Harkness, D. D. (1976). Radionuclide dating of the recent 
sediments of Blelham Tam. Freshwater Biology 6, 317-331. 
Petit, J. R., Jouzel, J., Raynaud, D., Barkov, N. 1., Bamola, J. M., Basile, 1., Bender, M., Chappellaz, J., Davis, 
M., Delaygue, G., Delmotte, M., Kotlyakov, V. M., Legrand, M., Lipenkov, V. Y., Lorius, C., Pepin, L., 
Ritz, C., Saltzman, E., and Stievenard, M. (1999). Climate and atmospheric history of the past 
420,000 years from the Vostok ice core, Antarctica. Nature 399, 429-436. 
Petit, J. R. (2001). Vostok Ice Core Data for420,000 Years, IGBP. PAGES/World Data Center 
for Paleoclimatology Data Contribution Series #2001-076. NOAA/NGDC Paleoclimatology Program, 
Boulder. 
Pickett, E.J., eta/. (2000). Late Quaternary biomes of Australia, south east Asia and the Pacific (SEAPAC) 
Region. In "Regional Analysis of Australian Quaternary Studies: Strengths, Gaps and Future 
Directions." (J. W. Magee, and P. De Deckker, Eds.), pp. 95-96. Australian National University, 
Canberra. 
Pickett, E. J., and Newsome, J. C. (1997). Eucalyptus (Myrtaceae) pollen and its potential role in investigations 
of Holocene environments in southwestern Australia. Review of Palaeobotany and Palynology 98, 
187-205. 
N J W1111ams Chapter 11 References 287 
The enwonmental reconstruction of the last glacial cycle at Redhead Lagoon. eastern NSW 
Pielou, E. C. (1984). "The Interpretation of Ecological Data." John Wiley and Sons, Chichester. 
Pike, K. M. (1956). Pollen morphology of Myrtaceae from the south-west Pacific area. Australian Journal of 
Botany 4, 13-53. 
Pilcher, J. R. (1991). Radiocarbon dating. In "Quaternary Dating Methods: a Use(s Guide." (P. L. Smart, and 
P. D. Frances, Eds.), pp. 16-36. Technical Guide No.4. Quaternary Research Association, London. 
Pillans, B. J., and Naish, T. (2004). Defining the Quaternary. Quaternary Science Reviews 23, 2271-2282. 
Pisias, N. G., Martinson, D. G., Moore, T. C., Shackleton, N. J., Prell, W., Hays, J. D., and Boden, G. (1984). 
High resolution stratigraphic correlation of benthic oxygen isotopic records spanning the last 300,000 
years. Marine Geology 56, 119-136. 
Powers, D. (1912). "Coalfields and Collieries of Australia." Critchley Parker, Melbourne. 
Powers, M. C. (1953). A new roundness scale for sedimentary particles. Journal of Sedimentary Petrology 23, 
117-119. 
Prahl, F. G., Muehlhausen, L.A., and Lyle, M. (1989). An organic geochemical assessment of oceanographic 
conditions at MANOP Site C over the past 26 000 years. Paleoceanography 4, 495-510. 
Press, J. R., Sutton, D. A., and Tebbs, B. R. (1981 ). "Field Guide to the Wild Flowers of Britain." Readers 
Digest Association limited, London. 
Price, 0., and Bowman, D. M. J. S. (1994). Fire-stick forestry: a matrix model in support of skilful fire 
management of Callitris intratropica. Journal of Biogeography 21, 573-580. 
Pryor, E. A., and Mursa, V. (1968). "Surface Geology Newcastle Coalfield 1:31,680 Scale Sheet". The Broken 
Hill Proprietry Company Limited, Newcastle. 
Pye, K., and Bowman, G. M. (1984). The Holocene marine transgression as a forcing function in episodic dune 
activity on the eastern Australian Coast. In "Coastal Geomorphology in Australia." (B. G. Thorn, Ed.), 
pp. 179-196. Academic Press, Sydney. 
Pyne, S. J. (1991). "Burning Bush: a Fire History of Australia." Allen & Unwin, Sydney. 
Quilty, J. A., Hunt, J. S., and Hicks, R. W. (1979). "Urban Erosion and Sediment Control." Soil Conservation 
Service of NSW, Sydney. 
Read, I. G. (1994). "The Bush: A guide to the Vegetated Landscapes of Australia." University of New South 
Wales Press, Sydney. 
Recher, H. F., Hutchings, P. A., and Rosen, S. (1993). The biota of the Hawkesbury-Nepean catchment: 
reconstruction and restoration. Australian Zoologist 29, 3-41. 
Reg nell, J. (1992). Preparing pollen concentrates for AMS dating: a methodological study from a hard-water 
lake in southern Sweden. Boreas 21, 273-277. 
Reineck, H. E., and Singh, I. B. (1980). "Depositional Sedimentary Environments: with Reference to 
Terrigenous Clastics." Springer-Verlag, Bertin. 
Renwick, C. (1966). General introduction. In "The Growth of Newcastle and its Suburbs." (M. T. Daly, Ed.). The 
Hunter Valley Research Foundation, Newcastle. 
Rind, D., and Peteet, D. (1985). Terrestrial conditions at the last glacial maximum and CLIMAP sea-surface 
temperature estimates: are they consistent? Quaternary Research 24, 1-22. 
Roberts, N. (1998). "The Holocene." 2"• Edition. Blackwell, Oxford. 
Roberts, R. G., Bird, M., Olley, J., Galbraith, R., Lawson, E., Laslett, G., Yoshida, H., Jones, R., Fullagar, R., 
Jacobsen, G., and Hau, Q. (1998a). Optical and radiocarbon dating at Jinmium rock shelter in 
northern Australia. Nature 393, 358-362. 
Roberts, R. G, Yoshida, H., Galbraith, R., Laslett, G., Jones, R., and Smith, M.A. (1998b). Single-aliquot and 
single-grain optical dating confirm thermoluminescence age estimates at Malakunanja II rock shelter 
in northern Australia. Ancient TL 16, 19-24. 
N J Williams Chapter 11· References 288 
The environmental reconstruction of the last glactal cycle at Redhead Lagoon, eastern NSW 
Roberts, R. G., Flannery, T. F., Ayliffe, L. K., Yoshida, H., Olley, J. M., Prideaux, G. J., Laslett, G. M., Baynes, 
A., Smith, M.A., Jones, R. a., and Smith, B. L. (2001). New ages for the last Australian megafauna: 
continent-wide extinction about 46,000 years ago. Science 292, 1888-1892. 
Roberts, R. G., Jones, R., and Smith, M.A. (1990). Thermoluminescence datir>g of a 50,000-year-old human 
occupation site in northern Australia. Nature 345, 153-156. 
Roberts, R. G., Jones, R., and Smith, M.A. (1994b). Beyond the radiocarbon barrier in Australian prehistory. 
Antiquity68, 611-616. 
Roberts, R. G., Jones, R., Spooner, N. A., Head, M. J., Murray, A. S., and Smith, M.A. (1994a). The human 
colonisation of Australia: optical dates of 53,000 and 60,000 years bracket human arrival at Deaf 
Adder Gorge, Northern Territory. Quaternary Science Reviews 13, 575-583. 
Robinson, L. (1994). "Field Guide to the Native Plants of Sydney." Kangaroo Press, Sydney. 
Rodrigues-Filho, S., and Muller, G. (1999). "A Holocene Sedimentary Record from Lake Silvana, southeast 
Brazil." Springer-Verlag, Berlin. 
Rolls, E. C. (1999). Land of grass: the loss of Australia's grasslands. Australian Geographical Studies 37, 197-
213. 
Rooth, C. (1982). Hydrology and ocean circulation. Progress in Oceanography7, 131-149. 
Roy, P. S. (1977). Does the Hunter River supply sand to the New South Wales coast today? Journal and 
Proceedings of the Royal Society of New South Wales 110, 17-24. 
Roy, P. S. (1983). Quaternary Geology. In "Geology of the Sydney 1:100,000 Sheet 9130", (C. Herbert, Ed.). 
Geological Survey of NSW, Sydney. 
Roy, P. S. (1984). New South Wales estuaries: their origins and evolution. In "Coastal Geomorphology in 
Australia." (B. G. Thorn, Ed.), pp. 99-121. Academic Press, Sydney. 
Roy, P. S. (1985). "Marine Sand Bodies on the South Sydney Shelf, Southeast Australia". Geological Survey of 
NSW, Sydney. 
Roy, P. S., and Crawford, E. A. (1977). Significance of sediment distribution in major coastal rivers, northern 
NSW. 3rd Australian Conference on Coastal and Ocean Engineering, Melbourne. 
Roy, P. S., and Crawford, E. A. (1980). Quaternary geology of the Newcastle Bight Inner Continental Shelf, 
New South Wales, Australia. Records of the Geological Survey of NSW 19, 145-188. 
Roy, P. S., and Thorn, B. G. (1981). Late Quaternary marine deposition in New South Wales and southern 
Queensland- an evolutionary model. Journal of the Geological Society of Australia 28, 471-489. 
Roy, P. S., and Boyd, R. (1996). "Guidebook for the IGCP Project 367- pre Conference Field Trip to the 
Central New South Wales Coast. IGCP Project 367 - Late Quaternary Coastal Records of Rapid 
Change: Application to Present and Future Conditions". Sydney, Australia. 
Rull, V. (1987). A note on pollen counting in palaeoecology. Pollen et Spores 29, 471-480. 
Ryan, D. (1993/94). The original forest (special wildfire section). Australian Forest Grower16. 
Ryan, D. G., Ryan, J. E., and Starr, B. J. (1995). "The Australian Landscape- Observations of Explorers and 
Early Settlers". Murrumbidgee Catchment Management Committee, Wagga Wagga. 
Sainty, G. R., Hosking, J., Abell, P., Jacobs, S. W. L., and Dalby-Ball, M. (2000). "Burnum Burnum's Wild 
Things." Sainty and Associates, Sydney. 
Sainty, G. R., and Jacobs, S. W. L. (1994). 'Waterplants in Australia." Sainty and Associates, Sydney. 
Sandgren, P., and Snowball, I. (2001). Application of mineral magnetic techniques to paleolimnology. In 
"Tracking Environmental Change Using Lake Sediments. Volume 2: Physical and Geochemical 
Methods." IY'J. M. Last, and J.P. Smol, Eds.), pp. 217-238. Kluwer Academic Publishers, Dordrecht. 
Scholz, C. A. (2001 ). Applications of seismic sequence stratigraphy in lacustrine basins. In "Tracking 
Environmental Change Using Lake Sediments. Volume 1: Basin Analysis, Coring and Chronological 
Techniques." fY'J. M. Last, and J.P. Smol, Eds.), pp. 7-22. Kluwer Academic Publishers, Dordrecht. 
Sheriff, R. E., and Geldart, L. P. (1995). "Exploring Seismology." Cambridge University Press, Cambridge. 
N J W!lllams Chapter 11 References 289 
The environmental reconstruction of the last glac1al cycle at Redhead Lagoon, eastern NSW 
Shimeld, P., Hopf, F., and Pearson, P. (2000). Pollen image management: the Newcastle digital collection 
initiative. Quatemal}' Australasia 18, 13-15. 
Short, A. D. (1999). "Handbook of Beach and Shoreface Morphodynamics". JoHil Wiley and Sons Ltd, New 
York. 
Shortlands Wetlands Centre (1989). "Lake Macquarie Wetlands Inventory". Lake Macquarie City Council, Lake 
Macquarie. 
Shulmeister, J. (1999). Australasian evidence for mid-Holocene climate change implies precessional control of 
Walker Circulation in the Pacific. Quatemaf}' lntemational57158, 81-91. 
Shulmeister, J., Goodwin, 1., Renwick, J., Harle, K. J., Armand, L., McGlone, M. S., Cook, E., Dodson, J. R., 
Hesse, P. P., Mayewski, P., and Curran, M. (2004). The Southern Hemisphere westerlies in the 
Australasian sector over the last glacial cycle: a synthesis. Quatemaf}' lntemational118-119, 23-53. 
Shulmeister, J., and Lees, B. G. (1995). Pollen evidence from tropical Australia for the onset of an ENSO 
dominated climate at circa 4000 BP. The Holocene 5, 10-18. 
Singh, G. (1981). Late Quaternary pollen records and seasonal palaeoclimates of Lake Frome, South 
Australia. Hydrobiologia 82,419-430. 
Singh, G., and Geissler, E. A. (1985). Late Cainozoic history of vegetation, fire, lake levels and climate at Lake 
George, NSW, Australia. Philosophical Transactions of the Royal Society of London. Series 8, 
Biological Sciences 311, 379-447. 
Singh, G., Kershaw, A. P., and Clark, R. (1981). Quaternary vegetation and fire history in Australia. In "Fire 
and the Australian Biota." (A. M. Gill, R. H. Groves, and I. R. Noble, Eds.), pp. 23-54. Australian 
Academy of Science, Canberra. 
Singh, G., and Luly, J. (1991). Changes in vegetation and seasonal climate since the last full glacial at Lake 
Frome, South Australia. Palaeogeography, Palaeoclimatology, Palaeoecology 84, 75-86. 
Smart, P. L. (1991). General principles. In "Quaternary Dating Methods: a Use~s Guide." (P. L. Smart, and P. 
D. Frances, Eds.), pp.1-15. Technical Guide No.4. Quaternary Research Association, London. 
Smith, D. G. (1998). Vibracoring: a new method for coring deep lakes. Palaeogeography, Palaeoclimatology, 
Palaeoecology 140, 433-440. 
Smith, M.A., Prescott, J. R., and, and Head, M. J. (1997). Comparison of 14C and luminescence chronologies 
at Puritjarra Rock Shelter, Central Australia. Quatemaf}' Science Reviews 16, 299-320. 
Sokoloff, B. (1976). As it was in the past. Hunter Natural Histol}' 8, 58-60. 
Sokoloff, B. (1978). Aborigines and fire in the Lower Hunter. Hunter Natural Histol}' 10, 70-80. 
Spooner, N. A. (1998). Human occupation at Jinmium, northern Australia, 116,000 years ago or much less? 
Antiquity 72, 173-177. 
Stillman, E. C., and Flenley, J. R. (1996). The needs and prospects for automation in palynology. Quatemaf}' 
Science Reviews 15, 1-5. 
Street, F. A., and Grove, A. T. (1979). Global maps of lake-level fluctuations since 30 000 BP. Quatemaf}' 
Research 12, 83-118. 
Stuiver, M., and Grootes, P. (2000). GISP2 oxygen isotope ratios. Quatemaf}' Research 53, 277-284. 
Stuiver, M., and Reimer, P. J. (1993). Extended 14C data base and revised CALIB 3.0 "cage calibration 
program. Radiocarbon 35, 215-230. 
Stuiver, M., Reimer, P. J., Bard, E., Beck, J. W., Burr, G. S., Hughen, K. A., Kromer, B., McCormac, F. G., van 
der Plicht, J., and Spurk, M. (1998a). INTCAL98 radiocarbon age calibration, 24,000-0 cal BP. 
Radiocarbon 40, 1041-1 083. 
Stuiver, M. , and Polach, A. (1977). Reporting of 14C data. Radiocarbon 19, 355-363. 
N J Williams Chapter 11: References 290 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
Sturt, C. (1833). "Two Expeditions into the Interior of Southern Australia. During the Years 1828, 1829, 1830 
and 1831: with Observations on the Soil, Climate, and General Resources of the Colony of New 
South Wales." Smith, Elder and Co., London. 
Suters Architects Snell, J. Turner, and C. M.D. P. Ltd. (1993). "City of Lake Macquarie Heritage Study". Lake 
Macquarie City Council, Lake Macquarie. 
Swain, A.M. (1973). A history of fire and vegetation in northeastern Minnesota as recorded in lake sediments. 
Quatematy Research 3, 383-396. 
SWC Consultancy. (1998). "Lake Macquarie Wetlands Management Study". Shortlands Wetland Centre Ltd, 
Newcastle. 
Sweller, S., and Martin, H. A. (2001). A 40,000 year vegetation history and climatic interpretations of Burraga 
Swamp, Barrington Tops, New South Wales. Quatematy lntemational83-85, 233-244. 
Tauber, H. (1965). Differential pollen dispersion and the interpretation of pollen diagrams. Danmarl<s 
Geologiske Unders(!Jgelse II Raekke 89, Hl9. 
Taylor, K. C., White, J. W. C., Severinghaus, J.P., Brook, E. J., Mayewski, P. A., Alley, R. B., Steig, E. J., 
Spencer, M. K., Meyerson, E., Meese, D. A., Lamorey, G. W., Grachev, A., Gow, A. J., and Barnett, 
B. A. (2004). Abrupt climate change around 22 ka on the Siple Coast of Antarctica. Quatematy 
Science Reviews 23, 7-15. 
Telford, R. J., Heegaard, E., and Birks, H. J. B. (2004). All age-depth models are wrong: but how badly? 
Quatematy Science Reviews 23, 1-5. 
Them, B. G., Hesp, P. A., and Bryant, E. (1994). Last glacial 'coastal' dunes in Eastern Australia and 
implications for landscape stability during the Last Glacial Maximum. Palaeogeography, 
Palaeoclimatology, Palaeoecology 111, 229-248. 
Thorn, B. G. (1965). Late Quaternary coastal morphology ofthe Port-Stephens-Myall Lakes area, NSW. 
Proceedings of the Royal Society of New South Wales 98, 23-36. 
Thorn, B. G. (1978). Coastal sand deposition in southeast Australia during the Holocene. In "Landform 
evolution in Australasia." (J. L. Davies, and M.A. G. Williams, Eds.), pp. 197-214. Australian National 
University Press, Canberra. 
Them, B. G., and Bowler, J. M. (1982). Chronostratigraphical subdivision of the Holocene in Australia. Striae 
16, 7-9. 
Them, B. G., and Chappell, J. M.A. (1975). Holocene sea levels relative to Australia. Search 6, 90-93. 
Them, B. G., Shepherd, M., Ly, C. K., Roy, P. S., Bowman, G. M., and Hesp, P. A. (1992). "Coastal 
Geomorphology and Quaternary Geology of the Port Stephens-Myall Lakes area". The Department of 
Biogeography and Geomorphology, The Australian National University, Canberra. 
Thompson, L. G., Davis, M. E., Mosley-Thompsen, E., Sowers, T. A., Hendersen, K. A., Zagorodnov, V. S., 
Lin, P. N., Mikhalenko, V. N., Campen, R. K., Bolzan, J. F., Cole-Dai, J., and Francou, B. (1998). A 
25,000-Year Tropical Climate History from Bolivian Ice Cores. Science 282, 1858-1864. 
Thompson, L. G., Mosley-Thompson, E., Davis, M. E., Lin, P. N., Henderson, K. A., Cole-Dai, J., Bolzan, J. F., 
and Liu, K. B. (1995). Late glacial stage and Holocene tropical ice core records from Huascaran, 
Peru. Science 269, 46-50. 
Thompson, R., Battarbee, R. W., O'Sullivan, P. E., and Oldfield, F. (1975). Magnetic susceptibility of lake 
sediments. Limnology and Oceanography 20, 687-698. 
Thompson, R., and Oldfield, F. (1986). "Environmental Magnetism." Allen & Unwin, London. 
Thompson, R., and Morton, D. J. (1979). Magnetic susceptibility and particle-size distribution in recent 
sediments of the Loch Lomond drainage basin, Scotland. Journal of Sedimentaty Petrology 49, 801-
811. 
Thome, A., Grun, R., Mortimer, G., Spooner, N. A., Simpson, J. J., McCulloch, M. M., Taylor, L., and Curnoe, 
D. (1999). Australia's earliest human remains: age of the Lake Mungo 3 skeleton. Journal of Human 
Evolution 36, 591-612. 
Thorpe, W. W. (1927-28). Ethnological notes No.1. Records of the Australian Museum 16. 
N J Will1ams Chapter 11 References 291 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon. eastern NSW 
Thunell, R., Anderson, D., Gellar, D., and Miao, Q. (1994). Sea-surface temperature estimates for the tropical 
western Pacific during the last glaciation and their implications for the Pacific Warm Pool. Quaternary 
Research 41, 255-264. 
Tibby, J. (2003). Explaining lake and catchment change using sediment derivetl and written histories: an 
Australian perspective. The Science of the Total Environment 310, 61-71. 
Tibby, J. (2004). Assessing the impact of early colonial Australia on the physical environment: a comment on 
Gale and Haworth (2002). Archaeology in Oceania 39, 144-156. 
Timms, B. V. (1969). A preliminary limnological survey of the Wooli Lakes, NSW. Proceedings of the Linnean 
Society of New South Wales 94, 105-112. 
Timms, B. V. (1973). A limnological survey of the freshwater coastal lakes of East Gippsland, Victoria. 
Australian Journal of Marine and Freshwater Resources 24, 1-20. 
Timms, B. V. (1976). Limnological notes on Redhead Lagoon, Dudley, New South Wales. Hunter Natural 
History 8, 245-252. 
Timms, B. V. (1986). The coastal dune lakes of eastern Australia. In "Limnology in Australia." (P. De Deckker, 
and W. D. Williams, Eds.), pp. 421-432. CSIRO, Melbourne. 
Tinner, W., Conedera, M., Ammann, B., Gaggeler, H. W., Gedye, S., Jones, R., and Sagesser, B. (1998). 
Pollen and charcoal in lake sediments compared with historically documented forest fires in southern 
Switzerland since AD 1920. The Holocene 8, 31-42. 
Tonks, E. (1987). A history of Dudley Colliery. In "A History of Dudley." (Edes, C., Ed.), pp.18-38. Dudley 
Public School, Dudley. 
Torgersen, T., Luly, J., De Deckker, P., Jones, M. R., Searle, D. E., Chivas, A. R., and Ullman, W. J. (1988). 
Late Quaternary environments of the Carpentaria Basin, Australia. Palaeogeography, 
Palaeoclimatology, Palaeoecology 67, 245-261. 
Treloar, W. J., Taylor, G. E., and Flenley, J. R. (2004). Towards automation of palynology 1: analysis of pollen 
shape and ornamentation using simple geometric measures, derived from scanning electron 
microscope images. Journal of Quaternary Science 19, 745-754. 
Troedson, A., Hashimoto, T.R., Jaworska, J., Malloch, K. and Cain, L. (2004). New South Wales Coastal 
Quaternary Geology. In "NSW Coastal Quaternary Geology Data Package (on CD-ROM)". (A. 
Troedson, and T.R. Hashimoto, Eds). New South Wales Department of Primary Industries. Mineral 
Resources, Geological Survey of New South Wales, Maitland, 1 08pp. 
Truswell, E. M., and Harris, W. R. (1982). The Cainozoic palaeobotanical record in arid Australia: fossil 
evidence for the origin of an arid-adapted flora. In "Evolution of the Flora and Fauna of Arid Australia." 
(W. R. Barker, and P. J. M. Greenslade, Eds.), pp. 67-76. Peacock Publications. 
Turner, C. (2002). Problems of the duration of the Eemian Interglacial in Europe north of the Alps. Quaternary 
Research 58, 45-48. 
Turner, J. W. (1997). "Joseph Lycett: Governor Macquarie's Convict Artist." Hunter History Publications, 
Newcastle. 
Turner, J. W. (1980). "Manufacturing in Newcastle 1801-1900." Newcastle Region Public Library, Newcastle. 
Turney, C. S. M., and Bird, M., I. (2002). Determining the timing and pattern of human colonisation in Australia: 
proposals for radiocarbon dating 'early' sequences. Australian Archaeology 54, 1-5. 
Turney, C. S. M., Kershaw, A. P., Moss, P., Bird, M. 1., Fifield, L. K., Cresswell, R. G., Santos, G. M., Di Tada, 
M. L., Hausladen, P. A., and Zhou, Y. (2001a). Redating the onset of burning at Lynch's Crater (North 
Queensland): implications for human settlement in Australia. Journal of Quaternary Science 16, 767-
771. 
Turney, C. S. M., Bird, M. 1., Fifield, L. K., Kershaw, A. P., Cresswell, R. G., Santos, G. M., di Tada, M. L., 
Hausladen, P. A., and Yauping, z. (2001 b). Development of a robust 14C chronology for Lynch's 
Crater (North Queensland, Australia) using different pre-treatment strategies. Radiocarbon 43, 45-54. 
Turney, C. S. M., Bird, M. 1., Fifield, L. K., Roberts, R. G., Smith, M.A., Dortch, C. E., Grun, R., Lawson, E. M., 
Ayliffe, L. K., Miller, G. H., Dortch, J., and Cresswell, R. G. (2001c). Early human occupation at Devil's 
Lair, southwestern Australia 50,000 years ago. Quaternary Research 55, 3-13. 
N J Williams Chapter 11· References 292 
The environmental reconstruction of the last glacial cycle at Redhead Lagoon, eastern NSW 
Winning, G. (1989). "Lake Macquarte Wetlands Inventory". Shortlands Wetland Centre, Newcastle. 
Wright, H.E., Kutzbach, J. E., Webb, T., Ruddiman, W. F., Street-Perrott, F. A., and Bartlein, P. J. (1993). 
"Global Climates Since the Last Glacial Maximum." University of Minnesota Press, Minneapolis. 
Wright, R. V. S. (1986). How old is Zone Fat Lake George? Archaeology in Oceania 21, 138-139. 
Wrigley, J. W., and Fagg, M. (2003). "Australian Native Plants: Cultivation, Use in Landscaping and 
Propagation." Reed New Holland Publishers, Sydney. 
Wyrwoll, K-H., and Milton, D. (1976). Widespread late Quaternary aridity in western Australia. Nature 264, 
429-430. 
Yassini, I. (1986). "Algal Growth and control in Lake lllawarra". Report to the Lake lllawarra Management 
Committee, Wollongong. 
Yokoyama, Y., Lambeck, K., De Deckker, P., Johnston, P., and Fifield, K. L. (2000). Timing of the Last Glacial 
Maximum from observed sea-level minima. Nature 406, 713-716. 
Young, R. W., and Wray, R. A. L. (2000). The geomorphology of sandstones in the Sydney region. In 
"Sandstone city: Sydney's Dimension Stone and Other Sandstone Geomaterials." (G. H. McNally, and 
B. J. Franklin, Eds.), pp. 55-73. Geological Society of Australia, Sydney. 
Yung, Y. L., Lee, T., Wang, C. H., and Shieh, Y. T. (1996). Dust: a diagnostic of the hydrologic cycle during the 
Last Glacial Maximum. Science 271, 962-963. 
Zhang, Y., Fountain, D. W., Hodgson, R. M., Flenley, J. R., and Gunetileke, S. (2004). Towards automation of 
palynology 3: pollen pattern recognition using Gabor transforms and digital moments. Journal of 
Quaternary Science 19, 763-768. 
N J Will1ams Chapter 11· References 294 
.. 
sa~n~uaddry 
:zr »tlldVH:J 
12.0 Appendices 
12.1 APPENDIX 1:Pollen concentration procedure 
Source: Harle (2001). 
EQUIPMENT: REAGENTS: 
Fume cupboard 10% v/v hydrochloric acid (HCI) 
Analytical top-loading balance Distiled (or de-ionised or RO) water (H,O) 
50 ml polycarbonate centrifuge tubes with lids 10% wlv potassium hydroxide (KOH) 
15 ml polycarbonate centrifuge tubes with lid Concentrated hydrofluoric acid (HF) 
Water bath (~not available, a 200 ml glass beaker and a 30% v/v acetic acid (CH,COOH) 
heat block) Glacial acetic acid (CH,COOH) 
Tempbloc module heater wnh capacity for 15 ml tubes Acetic anhydride (CH,CO,O) 
Vortex mixer with capacity for 10 m I tubes Sulphuric acid (H,so,) 
100 llm mesh sieves, shaped to fit into a 75-80 mm diameter Absolute alcohol (CH,CH,OH) 
funnel Glycerol (propane-1 ,2,3-triol) 
75-80 mm diameter funnels Hot wax 
500 ml beaker 
Test tube racks OTHER: 
Spatula Lycopodium spore tablets 
Stirring rods (teflon) 
1 ml syringe (without needle) 
Hot plate 
Microscope slides (25.4 x 76.2 mm, 1 - 1.2 mm thick) 
Microscope slide cover slip (size 0) 
12.1.1 Precautions 
Because pollen are minute and virtually ubiquitous (often occurring in tap water, for example), it is 
very easy to contaminate samples with pollen from elsewhere. Extreme cleanliness is therefore 
required during sampling and processing. Dirty hands, used and inadequately washed sampling 
equipment, and containers and dispensers that have been dipped into previous samples are all 
potential sources of contamination. Procedures must be followed that prevent contamination from 
such sources. 
A labcoat, laboratory safety glasses, appropriate closed-toe shoes and appropriate gloves must be 
worn throughout this procedure. When using HF, additional appropriate safety equipment should be 
worn (face mask, neoprene apron and gloves). The laboratory in which this step is carried out should 
be equipped for HF (i.e. appropriate fume hoods, safety shower, eye wash and first aid treatment). 
No bare skin should be exposed. Do not work in the laboratory alone whilst working with HF. Do not 
use glass equipment with HF. 
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Pollen can be destroyed if centrifuged at speeds over 3000 rpm. The centrifuge should therefore 
never be used at speeds in excess of this. Labels can be accidentally removed by chemical spills. It 
is therefore important that all test tubes are well labelled at least twice. in different areas to ensure 
proper identification is maintained. 
12.1.2 Method 
Preparing a sample for pollen counting involves the concentration of pollen through the extraction of 
non-polleniferous material (Moore and Webb, 1978). This is done through a series of chemical 
treatments, of which there is a number of possible alternatives, depending on the nature of the 
sediments being prepared. The pollen preparation procedure adopted in this study follows a 
standard method used in Quaternary palynology (after Faegri and Iversen 1950, 1989). This is 
outlined below. 
12.1.2.1 Sampling, weighing of sample and addition of exotic markers 
Note: all weights should be recorded on the progress/results spreadsheet along with the date each 
section of the analysis is commenced and completed. 
• Label a clean 50 ml centrifuge tube with the appropriate sample code. Write the code twice on 
the tube in separate areas to ensure identification even if one of the labels is rubbed off. 
• Place the tube in a beaker on an analytical top loading balance and tare. 
• Using a clean spatula, transfer approximately 0.5- 1.0 g of sediment (wet weight) to the tube. 
• Record weight (to 0.01 g). 
• Add one Lycopodium spore tablet. 
12.1.2.2 Removal of carbonates 
• In a fume hood, add 10 ml of 10% v/v hydrochloric acid to the centrifuge tube. 
• Mix sample using a vortex mixer. If the sample does not break down, gently agitate and crush 
using a stirring rod (preferably glass). If the latter is necessary, carefully wash residue off rod 
back into the sample using 10% hydrochloric acid. Watch sample carefully, especially during the 
initial stages of the treatment, as the reaction of the 10% hydrochloric acid with the carbonate 
may be vigorous, and the mixture may overflow. If the mixture does appear to be about to 
overflow, the tube should be removed from the vicinity of other tubes to prevent cross 
contamination. 
• Leave sample in 10% hydrochloric acid at least 24 hours until the reaction is complete. The 
reaction is complete when effervescence ceases. 
• When effervescence is no longer observed add a small amount of 1 0% hydrochloric acid to test 
if reaction is complete. If a reaction is observed, add a further 10 ml of 10% hydrochloric acid 
and leave to stand a further 24 hours. If no effervescence is observed centrifuge at 3000 rpm for 
3 minutes then decant supernatant. Note: do not centrifuge at greater than 3000 rpm. 
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• Add 20 ml distilled (or de-ionised or RO) H20. Stir using the vortex mixer. Centrifuge at 3000 
rpm for 3 minutes then decant supernatant. 
12.1.2.3 Removal of unsaturated humic colloids 
This step is performed to break down the structure of plant matter and dissolve unsaturated humic 
colloids. Note: this step can be used on its own where samples are organic rich with high pollen 
concentrations and minimal mineral content. However, such sediments are rare in Australia and 
potassium hydroxide is used as an initial step only. 
• In a fume hood, turn on the water bath so that the water is hot, but not boiling. If a water bath is 
not available, preheat a 200 ml beaker containing 150 ml tap water on a heat block. 
• Label a second (replicate) clean 50 ml centrifuge tube with the sample code. 
• Place tube in a 500 ml beaker and place a funnel with a 100 1-1m mesh sieve into the tube. 
• In a fume hood, add 20 ml 10% potassium hydroxide to the sample and mix using a clean 
stirring rod. 
• Place centrifuge tube in water bath. Simmer for 20 minutes, stirring occasionally. DO NOT boil. If 
a water bath is not available, use instead a 200 ml beaker containing 150 ml tap water and heat 
the beaker on a heat block. 
• After 20 minutes, remove sample tube from water bath and pour through 100 1-1m mesh sieve 
(held by a funnel) into replicate tube. Wash through sieve gently using distilled (or de-ionised or 
RO) H20. 
• Cap replicate tube (which now contains the sample), centrifuge at 3000 rpm for 3 minutes then 
decant supernatant. 
• Add 20 ml distilled (or de-ionised or RO) H20. Stir using the vortex mixer, centrifuge at 3000 rpm 
for 3 minutes then decant supernatant. 
12.1.2.4 Removal of silicates 
This step is used for the removal of siliceous material. Other methods, such as heavy liquid 
separation can be used, but these are generally more time consuming and complex. It should be 
noted that hydrofluoric acid is highly dangerous and should be treated with extreme care and 
handled wearing protective clothing and glasses. 
• Wearing the appropriate safety equipment and in a fume hood, add 5-10 ml concentrated 
hydrofluoric acid to the sample. Stir using a teflon or polypropylene stirring rod. 
• Loosely cap the centrifuge tube and leave to stand for 48 hours, labelling the tube clearly to warn 
other laboratory users, that it contains hydrofluoric acid and is loosely capped. 
• After 48 hours, add 10 ml10% hydrochloric acid, centrifuge and decant supernatant (appropriate 
safety equipment for handling hydrofluoric acid must be worn). 
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• Add 10 ml10% hydrochloric acid, stir (using vortex mixer), centrifuge at 3000 rpm for 3 minutes 
then decant supernatant. 
• Add 20 ml distilled (or de-ionised or RO) water, stir (using vortex mi~er), centrifuge at 3000 rpm 
for 3 minutes then decant supernatant. 
Note: sometimes the sample may prove difficult to centrifuge down after hydrofluoric acid treatment 
as the remaining organic matter becomes attached to gas bubbles. If the sample remains in 
suspension after centrifugation, re-centrifuge for a longer period, e.g. 10 minutes. DO NOT 
centrifuge at a higher speed than 3000 rpm, as this can damage the pollen. 
12.1.2.5 Acetolysis 
This is a process of acid hydrolysis using acetic acid to remove cellulose and other polysaccharides. 
It also darkens the pollen grains, delineating the exine features of the pollen and spores, thus 
assisting identification. Acetolysis involves a series of dehydration steps. 
• Label a clean 15 ml centrifuge tube with the sample code. 
• Turn on the Tempbloc module heater and set thermostat to 90°C. 
• Add 10 ml 30% acetic acid. Stir, then transfer the sample to the labelled 15 ml centrifuge tube. 
Carefully rinse any remaining sample from the 50 ml tube using 30% acetic acid. 
• Centrifuge sample at 3000 rpm for 3 minutes (10-15 minutes if the sample is not centrifuging 
down well) then decant supernatant. 
• Add 7 ml glacial acetic acid. Stir, using the vortex mixer if available. Centrifuge at 3000 rpm for 3 
minutes (1 0-15 minutes if the sample is not centrifuging down well) then decant supernatant. 
• Add 8 ml acetic anhydride using a small beaker. Mix extremely well. It is important that the 
samples are completely dehydrated. 
• Add 1 ml sulphuric acid using a pipette. Transfer the sample to the Tempbloc heater and stir 
using a clean dry stirring rod for 1-2 minutes. The mixture should heat up with the reaction and 
perhaps bubble slightly, but not explode. Any violent reaction means that the sample was not 
fully dehydrated by the acetic acid steps. If the sample does start to bubble over, remove any 
surrounding samples to prevent cross-contamination. 
• Carefully remove the tube from the tempbloc heater. Remove the stirring rod, washing it down 
with acetic anhydride if necessary. Centrifuge at 3000 rpm for 3 minutes then decant 
supernatant. 
• Add 7 ml glacial acetic acid. Stir, using the vortex mixer if available. Centrifuge at 3000 rpm for 3 
minutes then decant supernatant. 
• Add 7 ml 30% acetic acid. Stir, centrifuge at 3000 rpm for 3 minutes then decant supernatant. 
• Add 7 ml distilled (or de-ionised or RO) H20. Stir, centrifuge at 3000 rpm for 3 minutes then 
decant supernatant. 
• Repeat last step. 
N J Williams Pollen concentration procedure Appendix 1 
12.1.2.6 Mounting the pollen on slides with glycerol 
This mounting procedure is simpler and less messy than that using silicon oil. 
• Label a clean 5 ml plastic vial with the site name, core number, sample depth and sample code. 
• Add 7 ml of absolute alcohol, stir (using the vortex mixer if available), centrifuge at 3000 rpm for 
10-15 minutes then decant supernatant. 
• Add approximately 3 ml absolute alcohol. Stir then transfer the sample to the labelled plastic vial. 
Carefully rinse any remaining sample from the 15 ml tube using absolute alcohol. 
• Cap the vial, place in a 50 ml centrifuge tube and centrifuge at 3000 rpm for 3 minutes. 
• Remove the vial from the 50 ml tube, taking care not to disturb the sediment. Using tweezers to 
grasp the vial is frequently a good method. 
• Very carefully decant the supernatant. 
• Carefully add 0.2 ml glycerol using a 1 ml syringe. Record this volume on the pollen slide 
preparation record sheet. 
• Place vial (without lid) on an oven tray and place in a low temperature oven (around 50°C) for 
approximately an hour to evaporate remaining alcohol. Take care not to dry samples out (i.e. 
make sure there is enough glycerol, but not so much as to swamp the sample). 
• Remove from oven and allow to cool. 
• Place a labelled microscope slide (core name, depth, sample code and slide number) on a hot 
plate set at around 50°C. Add between 30 and 40 micromillilitres of the sample (record exact 
amount) to the appropriately labelled slide. Allow mixture to spread a little, then seal a cover slip 
onto samples using hot wax. Note: more glycerol may need to be added to thin the sample to a 
suitable concentration. The sample should be adequately dispersed to allow microfossils to be 
identified but not so much that the microfossils are overdispersed. 
• Remove slide from heat and allow to cool. 
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12.2 APPENDIX 2: Pollen isolation pre-treatment method for AMS 
radiocarbon dating 
Source: Dr Geraldine Jacobsen, ANSTO Environment. 
Note: this method is an adaptation of a palynological procedure developed by Dr Sander van der 
Kaas (Deparment of Geography and Environmental Science, Monash University). The adaptation 
replaces acetolysis with oxidation and introduces a sodium hydroxide treatment after the oxidation. 
12.2.1 Chemical preparation 
(Note: all samples were washed thoroughly with de-ionised water between each step). 
1. 2-3 g of each sample were disaggregated in 40 ml of 10% solution of sodium pyrophosphate for 
2 hours; then sieved through a 150 11m mesh into a centrifuge tube. The <150 IJm fraction was 
retained. 
2. The <150 11m fraction was then washed thoroughly with de-ionised water to remove the sodium 
pyrophosphate (3 times), before heating 20 minutes with 10% hydrochloric acid to remove 
carbonates. 
3. 10% sodium hydroxide was then added and heated for 30 minutes to remove humic acids. 
4. The bulk of the organics were separated from the inorganic component using heavy liquid 
separation (a solution of sodium polytungstate, p =1.8 g/cm-3).The density separation was 
carried out before the removal of silicates in order to reduce the volume of hydrofluoric acid used 
in this step. 
5. 2 ml of 40% hydrofluoric acid was added and left overnight to remove silicates. 
6. The samples were then washed in 10% hydrochloric acid. 
7. The samples were then washed in NaOCI, followed by washing in 10% sodium hydroxide to 
increase the solubility of intractable humics. 
8. The pollen samples were then combusted by heating to 900°C with GuO and Ag wire. The 
resulting carbon dioxide was reduced to graphite using iron (600°C) in the presence of zinc 
(4oo•C). 
Other sites at which this method has been used include: Lynch's Crater, Lake Wangoom and Egg 
Lagoon. 
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12.3 APPENDIX 3: ABOX pre-treatment method for AMS 
radiocarbon dating 
Source: Dr Geraldine Jacobsen (ANSTO). 
Approximately 0.3 mg of charcoal was treated with HCI (3 ml, 0.6M) at room temperature for 12 
hours and then washed with de-ionised water. The sample was then repeatedly treated (six times) 
with NaOH (8-10 ml, 0.5%) until the solution was clear, then washed with de-ionised water. The 
charcoal was then oxidised with potassium dichromate in 2M sulphuric acid (30 ml, 0.1 M) at room 
temperature for 15 hours, washed thoroughly with de-ionised water and dried at 60°C for 24 hours. 
The pre-treated charcoal was then combusted, the resulting carbon dioxide was graphitised and 
pressed into the target holder for measurement as described in Fink eta/. (2004). 
N J Williams ABOX pre-treatment method for ~~c dating Appendix 3 
12.4 APPENDIX 4: Core E12b: Optically Stimulated Luminescence 
(OSL) dating procedure -
Report prepared by Dr Phil Toms, Geochronology Laboratories, University of 
G/oucestershire, United Kingdom. 
N J Williams 
~ 
University of Gloucestershire 
Geochronology Laboratories 
Luminescence dating report on Redhead Lagoon, 
New South Wales, Australia 
to Ms N. FrankJin 
18th December 2002 
Prepared by Dr P.S. Toms 
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Luminescence Dating of Core E12b 
Preamble _ 
Three fine sand samples, from core E12b taken from Redhead Lagoon (New South Wales), were 
submitted by Ms. N. Franklin (School of Geosciences, University of Sydney, Australia) on the 16th 
July 2002 for optical dating of quartz extracts. 
Sample details: 
Core label Sample UGGL Depth {m) Altitude Latitude Longitude Sedimentary 
field code Code (m a.s.l.) (OS) ('E) context 
E12b 1 GL02096 4.08-4.32 65 33 152 Aeolian dune 
E12b 2 GL02097 4.72-4.96 65 33 152 Aeolian dune 
E12b 3 GL02098 5.20-5.44 65 33 152 Aeolian dune 
Sample preparation 
Samples were submitted as 2-3 cm3 sediment blocks representing 4 em of core length over the core 
depth ranges expressed above. Under controlled laboratory lighting conditions, provided by 
Encapsulite RB-10 filters, each block was cut into standard size (1.2x1.2x1.2 em) blocks. -0.2 em of 
sediment from each face was removed and used for dose rate determinations. The remaining 'bulk' 
content of six blocks from the upper, middle and basal levels of the sand unit within core E12b were 
mixed to form three dating samples. These samples were then dried at 4o·c for 48 hours and then 
dry sieved. Quartz within the 90-180 ~m fraction was then isolated. This grain fraction was treated 
with 10% hydrochloric acid and 10% hydrogen peroxide to attain removal of carbonate and organic 
components. The sample was then etched for 50 mins in 40% hydrofluoric acid, in order to remove 
the outer 10-15 ~m layer affected by alpha dose and degrade the feldspar content. Whilst in 
hydrofluoric acid, each sample was continuously stirred using a magnetic stirrer and follower 
apparatus in an attempt to achieve isotropic etching of grains. 10% hydrochloric acid was added to 
remove acid soluble fluorides. Each sample was dried, resieved and quartz isolated from the 
remaining heavy mineral fraction using a sodium polytungstate density separation at 2.68 g. cm·3. 8, 
5 and 3 -6 mg aliquots of quartz from samples GL02096, GL02097 and GL02098, respectively, were 
then mounted on aluminium discs for the determination of equivalent dose values. Quartz was used 
as the minerogenic dosimeter primarily because of the stability of its datable signal over the 
Quaternary period in contrast to the anomalous fading of comparable signals observed for other 
ubiquitous sedimentary minerals such as feldspar and zircon (Wintle, 1973; Templer, 1985). 
Equivalent dose (De) acquisition 
Luminescence measurements, generating De values, were made using an automated TL-DA-15 
Ris0 set (Markey et a/., 1997). Optical stimulation of luminescence was provided by a 150 W 
tungsten halogen lamp, filtered to a broad blue-green light, 420-560 nm (2.21-2.95 eV) at 
16 mW cm·2 , using three 2 mm Schott GG420 and a broadband interference filter. Infrared 
stimulation, provided by 13 IR diodes (Telefunken TSHA 6203) stimulating at 875!>80 nm delivering 
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-5 mW cm·2 , was used to indicate the presence of contaminant feldspars (Hott et a/., 1988). 
Stimulated photon emissions from the quartz aliquots were filtered by 5 mm of HOYA U-340 glass 
filters. All (UV) emissions were detected by an EMI 9235QA photomultiplier fitted with a blue-green 
sensitive bialkali photocathode. Regenerated optical signals were obtained by irradiation using a 40 
mCi 90Sri""v beta source incorporated within the Ris0 set and calibrated for 90-180 ~m quartz 
against the 'Hotspot 800' 6°Co gamma source located at the National Physical Laboratory, UK. 
De values were obtained by comparing the 'natural' optical signal, acquired during burial, and the 
'regenerated' optical signal obtained by administering known amounts of laboratory dose. 
Specifically, D. estimates were obtained using a Single-Aliquot Regenerative-dose (SAR) protocol, 
similar to that proposed by Murray and Wintle (2000). Up to five different regenerative-doses were 
given so as to define that linear portion of dose response, bracketing the natural signal, from which 
D. were interpolated. A test dose of 5 Gy was used in monitoring sensitivity change. Preheating prior 
to measurement of natural and regenerated signals was 260'C for 1 0 s and 180'C for 1 0 s before 
test dose signal readout. Optical stimulation of each aliquot occurred at 160'C in order to minimise 
effects associated with photo-transferred thermoluminescence. Repeat regenerative-dose ratios 
were obtained for each aliquot in order to clarify the success of sensitivity correction. These repeat 
ratios were < ± 3% of unity, indicative of accurate sensitivity correction. Zero-dose signal response 
was used as a measure of thermal transfer relating to test dose preheating and subtracted from 
regenerative-dose responses. De values, given in Table 1, are the geometric (weighted) mean De 
values determined from all aliquots. 
Dose rate value acquisition 
Table 1 also details dose rate information. In-situ measurements of gamma dose contributions to the 
sample were not made. Neutron Activation Analysis (NAA) was performed by Becquerel 
Laboratories, Australia, on material sub-sampled from the face of each standard block and mixed to 
determine the average gamma and beta contributions to their respective mixed dating sample. Dose 
rate calculations, following those described by Aitken (1985), incorporated beta-attenuation factors 
(Mejdahl, 1979), dose rate conversion factors (Adamiec and Aitken, 1998) and the absorption 
coefficient of the present water content (Zimmerman, 1971 ), with a 25% relative uncertainty attached 
to reflect potential temporal variations in past moisture content. Estimations of cosmic dose followed 
the calculations of Prescott and Hutton (1994). 
Luminescence age acquisition 
The luminescence age was obtained by dividing the mean De value by the mean total dose rate 
value and is shown in Table 1. The error on luminescence age estimates represents the combined 
systematic and experimental error associated with both the De and dose rate values. Fig. 1 shows 
the composite probability mass function of each age obtained, incorporating De and dose rate 
uncertainties for each aliquot, along with the 1 a standard error range about the geometric mean. 
An assessment of the accuracy of these ages has been made within the context of the potential 
existence of residual datable signals subsequent to burial, due to pre-burial exposure to an 
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attenuated spectrum, intensity and/or period of sunlight, generating age overestimates. De(t) plots 
incorporating the SAR protocol proposed by Bailey (in press) exploit the existence of trap types 
within minerogenic dosimeters that bleach with different efficiency for a !liven wavelength of light and 
have been used to identify the presence of partial bleaching (resetting) within the present study. 
Figure 2 shows the change in the mean De value with time integrals of optical stimulation for each 
sample. Within this stimulation period two trap types, having contrasting bleaching efficiencies when 
exposed to broad blue-green (laboratory) optical stimulation, dominate the production of 
luminescence. If both trap types had been thoroughly reset prior to sample burial, then the slower 
bleaching trap (dominating the latter 7-8 s of luminescence signal stimulation) should yield De values 
statistically concordant with fast bleaching trap (dominating the initial 2-3 s of stimulation). The 
absence of partial bleaching may be evidenced through the absence of a statistically significant 
increase in mean D. value as a function of optical stimulation time for each sample in Figure 2. This 
observation was also made when De(t) plots were constructed for individual aliquots. These 'flat' 
D.(t) plots are indicative of one of two phenomena. Firstly, any residual signal present within grains 
of these aliquots as a result of partial bleaching is negligible compared with the total signal accrued 
subsequent to burial and may indicate the accuracy of ages from each sample. Secondly, if for the 
grains within these aliquots the dominant wavelength of light causing a reduction in signal prior to 
burial were short (UV-blue) then the contrast in bleaching efficiency would have been reduced. Thus 
a distinction in D. between each trap type may not be apparent, yet each may contain an equivalent 
residual signal from partial bleaching due to insufficient periods of exposure to sunlight. Given the 
likely existence of these wavelengths in the aeolian sedimentary environment of these samples, the 
flat D.(t) plots may reflect the insensitivity of the detection of partial bleaching by this method of 
signal analysis. However, it is precisely this type of sedimentary environment which provides optimal 
conditions for near-complete or full bleaching of residual datable signals prior to burial and on 
balance the existence of significant partial bleaching effects is considered unlikely. 
Also of concern with respect to the accuracy of De values acquired is the potential contamination by 
grains exposed on the surface of each sediment block. If incorporated within the dating samples 
these may have generated a potentially significant younging effect due to the low sample mass 
available for analysis. However, the diligence maintained during sample preparation and the 
consistency of the ages obtained (reflecting no contamination or an unlikely equivalent level of 
contamination) suggests that age underestimation by this process is unlikely. 
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Figure 2: D,(t) plot of variation in mean D, of all aliquots as a function of optical stimulation 
time for samples GL02096 to GL02098. 
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12.5 APPENDIX 5: Core E12c: Optically Stimulated Luminescence 
(OSL) dating procedure ... 
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Luminescence Dating of Core E12c 
Summary 
One sample (laboratory code WLL264) was submitted for Luminescence Dating by Nikki Franklin 
(University of Sydney). The deposition age has been determined foi' this sample using the sand 
fraction (90-200 ~m). The palaeodose, i.e. the radiation dose accumulated in the sample after the 
last light exposure (assumed at deposition), was determined by measuring the ultraviolet 
luminescence output during green light optical stimulation of the quartz fraction. The dose rate was 
estimated on the basis of a low level gamma spectrometry measurement. 
Sample preparation and luminescence measurement was done in the Luminescence Dating 
Laboratory, School of Earth Sciences, Victoria University of Wellington, and gamma spectrometry by 
the National Radiation Laboratory (NRL), Christchurch. 
Luminescence measurements 
The sample, which was described as being of lacustrine origin by the submitter, consisted mainly of 
sand. The Single Aliquot Regenerative (SAR) method was used to determine the equivalent dose of 
the quartz sand fraction. The relatively new SAR technique is described by Murray and Wintle 
(2000). 
Sample preparation was done under extremely subdued safe orange light in a darkroom. Outer 
surfaces, which may have seen light during sampling, were removed and discarded. The actual 
water content and the saturation content were measured using 'fresh' inside material. 
The sample was treated with 10% HCI to remove carbonates until the reaction stopped, then 
carefully rinsed with distilled water. Thereafter, all organic matter was destroyed with 1 0% H20 2 until 
the reaction stopped, then carefully rinsed with distilled water. 
The grain size 90-200 ~m was extracted from the sample by sieving, the other fractions were 
discarded. Heavy liquid separation was then carried out in lithium-polytungstate to obtain a quartz 
enriched fraction (2.58-2.65 g em-'}_ Though relatively pure, this density fraction still may contain 
minor amounts of plagioclase feldspars. These were destroyed by subsequent HF (40%) etching and 
washing. The HF etching also removed the outer 10 ~m of the quartz grains, which may have stored 
a dose from alpha radiation. Then the grain size fraction 90-125 ~m was obtained by a final sieving, 
and the quartz grains were fixed on 1 em aluminum discs with silicon oil. 
Luminescence measurements were done using a standard Rise TL-DA 15 measurement system, 
equipped with three Hoya U340 optical filters (stack thickness -9 mm) to select the ultraviolet 
luminescence band centered around 340 nm. Stimulation was done by a green halogen light source 
(420-575 nm), 13-irradiations were done on the Rise TL-DA15 90Sr,""v 13-irradiator, calibrated against 
the Ris0 National Laboratory, Denmark, to about 3% accuracy. 
The palaeodose was estimated by use of the Single Aliquot Regenerative (SAR) method. In the SAR 
method a number of aliquots are subjected to a repetitive cycle of irradiation, preheating and 
measurement. In the first cycle the natural luminescence output is measured, in all following cycles 
an artificial dose is applied. Usually four or five of these dose points are used to build the 
luminescence growth curve (13-induced luminescence intensity vs added dose) and bracket the 
natural luminescence output. This allows interpolation of the equivalent dose (the 13-dose equivalent 
to the palaeodose). In order to correct for potential sensitivity changes from cycle to cycle, a test 
dose is applied between the cycles, preheated ('cut heat') and measured. 
For the sample reported here 24 aliquots were measured, preheat temperature was 260°C for 10 s, 
cut heat was 220°C for 10 s, and measurement time 150 s (which resets the luminescence signal to 
a negligible residual). 
N J Williams Core E 12c: OSL datmg method Appendix 5 
The measurement of 24 aliquots resulted in 24 equivalent doses, spread over the so called dose 
distribution. The extreme scatter within this distribution is usually attributed to partial bleaching of the 
mineral grains (see e.g. Olley et a/, 1998), i.e. those aliquots with high equivalent doses contain 
quartz grains which have not seen light during sediment deposition. The interpretation of these dose 
distributions is a major cause of uncertainty in the SAR technique, and much research effort is put 
into a better understanding. 
Gamma spectrometry 
The dry, ground and homogenized soil sample was embedded in a two-part epoxy resin to retain 
222Rn within the sample and allowed to set. This casting procedure reduces the radon loss from the 
sample to less than 0.5% and the 226Ra concentration in the sample can be determined from the 
emissions of the short lived 222Rn daughters, 214Pb and 214Bi. A waiting period of 30 days is 
necessary to reach equilibrium between 226Ra and its daughter nuclides before the gamma count. 
The sample was counted using high resolution gamma spectrometry with a broad energy Ge 
detector for a minimum lime of 24 hours. The spectrum was analyzed using GENIE2000 software. 
The dose rate calculation is based on the activity concentration of the nuclides 40K, 208TI, 212Pb, 
228 Ac, 210Pb, 214Bi, 214Pb, 226Ra and 234Th, as reported by NRL. The latter five of these isotopes 
allow, if applicable, an estimate of the degree of radioactive disequilibrium in the Uranium decay 
chain. 
Results 
The radionuclide content was calculated from the raw gamma spectrometry data supplied by NRL. 
The sample is in a radioactive equilibrium, as shown in the radiometric data in Table 2. 
Table 1 gives a sample summary and the calculated cosmic dose rate, whereas Table 3 gives the 
dose rate, equivalent dose and age. 
All errors in this report are stated as 1 sigma errors. A radioactive disequilibrium was considered as 
significant, if the equivalent uranium contents do not overlap in a 2 sigma interval. 
The interpretation of the SAR dose distributions is rather complex. The samples showed, as it is very 
common, extreme scatter between aliquots. Usually two ages are reported: 
(a) The 'mean age', calculated using the arithmetic mean and standard deviation of the 
distribution. This is thought to give the best age estimate if the scatter is not caused by 
incomplete bleaching during deposition. The error is usually given as the error of the mean. 
This assumes that the mean follows a normal distribution even if the data do not. 
(b) The 'leading edge age', calculated using only the lowest 5% of the dose distribution (see 
Olley eta/., 1998). This is thought to give the best age estimate only if incomplete bleaching 
is causing the scatter. 
Having analyzed the sample by various means, such as a 'Natural intensity vs Equivalent dose' plot 
and a 'lognormal fit' (a new method currently developed by me and E. C. G. Smith for the case that 
the scatter is caused by an inhomogeneous distribution of radioactivity in the sediment) I conclude 
that the sample does not suffer from incomplete bleaching. Thus the 'lognormal' age, which in this 
case is indistinguishable from the 'mean' age, gives the best estimate for the true deposition age. 
The 'leading edge' would result in an age underestimate, and therefore is not reported. 
N J Will1atns Core E 12c OSL dating method Appendix 5 
Table I - Doserate contribution of cosmic radiation. 
Sample depth below D,(Gyika) Field code 
u~n<>:__,_ su~e (mL_ 
-------·--
WLL2641 7.04 0.0859±0.0043 CoreE12c (12-31cm) 
1 Contributioo of cosmic radiation to the total dooerate, calculllled as propoood by Presoott & Huttoo ( 1994 ). 
Table 2- Radionuclide and water content 
Sample Water U(n/g) u U(n/g) Th K(%) 1 Field code 
number content from (llg/g)' from (llg/g)' I ll' 23'Th from '"'Pb from ! 
' 
''"Tl, 
'''l'b, '''l'b, 
; ""Bi 221Ac 
WLL264 1.157 0.61 1.17 0.85 4.10 0.12 : Core El2c 
±0.28 ±0.07 ±0.33 ±0.41 ±0.02 i 
1 Ratio wet sample to diy sample weight. lirnm assumed SO% of(~ I). 2 U and Th-oontent is calculated from the error weight a! mean of the i90tope equivoleot ooola!ts 
Table 3 -quartz SAR Technique 
Measured dosemte, equivalent dose and luminescence age 
Sample dD/dt D, (Gy) OSL-age (ka) Field code 
no. (Gyika)' 
WLL264 ' 0.697±0.044 55.1±1.1 79.1±5.2 Core El2c 
• The dooerate dD/dt was caleolated using the conversion factor.; of Adamiec and Ailkcn (1998) 
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12.6 APPENDIX 6: Measurement of macroscopic charcoal 
concentration 
The method used for calculating the area of macroscopic charcoal isolated from the sediments of 
Redhead Lagoon is a slight modification of that outlined by Mooney and Radford (2001) and 
expanded upon by Mooney and Black (2003). This is a modification of what Mooney and Black 
(2003) referred to as the 'Oregon sieving method' (Millspaugh and Whitlock 1995; Long et a/. 1998). 
The method involves dispersing a sample of sediment of known volume or weight (the latter was 
used in this study) and then washing it through a set of nested sieves. Charcoal of a particular size 
fraction (>105 J.lm in this study) is then tallied and areas quantified using image analysis software. 
The following steps were undertaken to calculate the macroscopic charcoal concentration at 
Redhead Lagoon: 
1. Samples used for this analysis were the >105 J.lm fraction that remained after the third step (see 
Appendix 5.1) of the pollen processing. The weights of each sample were recorded during the 
pollen processing. The samples were already dispersed and had been sieved so the first two 
steps of the Mooney and Radford (2001) method were not necessary in this case. 
2. The >1 05 J.lm fraction of the sample was carefully transferred to a labelled petri dish, dispersed 
in de-ionised water and quantified following steps 1-5, outlined in Mooney and Black (2003). 
• Step 1: A digital image was taken of the charcoal pieces contained within the petri dish, 
using a digital camera to take a fine-resolution image; 
• Step 2: The image was formatted for processing, using Adobe Photoshop to adjust the 
contrast and brightness of the image; 
• Step 3: Calibration was undertaken to set the scale for the image; 
• Step 4: The measurement parameters were set for the image, so that the area to be 
analysed included all charcoal particles within the petri dish; 
• Step 5: The results were analysed and displayed by selecting all charcoal particles which 
fell between an upper and lower threshold and displaying these results. This step was 
performed using Scion Image software (www.scioncorp.com). 
3. The results were expressed as both number of pieces of charcoal per unit mass, and area of 
charcoal per unit mass. 
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12.8 APPENDIX 8: Vegetation species list - Rehead Lagoon. Compiled from species list by 
Baxter and McDonald (1984) (species names in black writing) and author's own survey (species names in blue writing). 
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APPENDIX 8 (continued): Vegetation species list- Rehead Lagoon. Compiled from species list by Baxter 
and McDonald (1984) (species names in black writing) and authors own survey (species names in blue writing). 
VEGETATION TYPE COMMON NAME VEGETATION TYPE COMMON NAME 
F; FABACEAE (PAPIUONACEAElfou no-~W; legumes} 
-~smoct•um rl!YJ.ido_piJ_yaum F: LOGAHIACEAE 
0 vanans LOQINIIIJ ltlbiflola ( fonner1y L lfonbundlt} 
- a relt>rla Healhv ~rtol pea Mtttaucme ~ MHrewon 
/) sericea 
~sus (llltrod .) F: LORAHTMACEAE 
~Mna itldlu (introd l lnd~an coralllee ~ Ilium Dtooolna mrstletoe 
G •um gl4bnltum 
. 
Muellenfllt eUCIJ/ Creelllna mistletoe 
G. I! . Wedgepe. 
G minus 
• 
F: MALVAC~ lhlbtacus, mallo~l 
G. PW!ate~pea 
. . 
Sid a · ., •""'t · tQ! • .J PaddV'a lucerne 
G tum 
• 
... . 
" 
dandostlna i..Dve c:reeper F: MELIACEAE 
~de» . • vio~at»e False UniPatilla ~m a/andulosum Bastard I'OhWOOd 
· allneans 
tiiCi~r.ta australis F: MENYANTHACEAE 
. 
,,. sco wood Vll/8fSia ex a/tat a Yellow marsh ftower 
t<tlllledta IJf'O st111t1 Running ~tman 
I( filii _ und# Dustw eotlll oea F: MENISPERMACEAE 
. -
Uf)iflUS Vatf~ (In trod,) Sto • ICIJ Steohama . 1n11~e vine 
~!(Oefra rub~folfa ( lonne~Y. M, ret•culata) Mlrtlella 
Ox;*Jbwm sp F: MIMOSACEAE (wattlea} 
PhyJiola.l!!1¥Jicoides ~dabarHm 
1~ .. Plrmata (lntrod.) Psora lea lA. brownll 
PultenMe u A dllcurr- Svdnev areen wattle 
IP.a. ida Bac:on and eaas A echittula 
~-· lA falcate F alc:ate wattle ~udoslt 
" 
'folia Svdnov aolclen watlle 
IP. vrllosa lA tnltlden• 
~um Vlf'ttlfleum lA m.x!J!_folle Mvnlea~ 
!!& Tnlohum re Whrtedover lA quadnlalentlis ( formerly A pu 
V.cteaugust.lolia (lnlrod.) Narrow leaf ~~etch A. attfcta S1ra jghl we tile 
~YfJiflffatl lA suavooJens Sweet-scented willie 
lA. twmina!is VItTI;,,. ;unoee NaiJ\Ie broom Sunshina wa1tle 
: FUMARIACEAE 
• 
A. uliQto/Jij ?~mona 
IFumwt• olfidnlllls (ltltrod 1 Common fumttorv 
F~ MORACEAE 
F~ GENTIAHACEAE MetiS CO#'OIIafll Sandoaoerllg 
Cenraurlum erythntell (lntrod .) Common centaurv 
F: MYOPORACEAE 
F. GERANIACEAE M.l!!J!9!!!m ecvmmlltum Boob•alla 
~um ausiTIIJe Wild geranium 
F: M.VRTACEAE III!Y.!!!e femlly; eucalypta, tu treul 
F: GOODEHIACEAE • · en• smilhil ~~~~ 
re .slrlctl (2 l/lrfelles) I IV!O~or• COS/ala Sydney red aum 
Goodema biJhJdJfolie Slleckea imbncata 
G. hel1Hophylla 
-
C.U/stamon C/llnnus (:nmson bottlebrush 
G Ovatll c. ,,,. . .,. "< ~now·leaved b04tleblul~ 
~cvtata C. ulionus Wlltow bottlebrush 
Gate/~ Euc~c:~&b<n lronbarlo. 
~vola l'lJI'/IO$J$Sime E. -detll White stnnaVbarl< 
iS. albida E oummifei'IJ tcommbi<l) Red bloodwood 
S Clllendullfcea Blue fan flower E haetn.stoma ScnbbfX gum 
E. macvlau {commbial Sootted aum 
F: HALORAGACEAE E. pJiutMis Bgckb"-\ (112 barl<l 
~I7IICI"Mitl· E. TM~nifera Red mllhooany 
E ·r,busta Swamp_mehoaenv H. te1JC110Kie3 
-
L& nnum arachnoldets 
F: HYPERICACEAE . • "n.perinum ~Oiytutree 
~um 10um I John's wort • L/HV!flllum Coastal tea tree 
. Ll m 
F: LABIATAE L ilfol•um ~moo·sc:ented tea tree 
Plec:tran/11~ '"Ofl/t; Melateuca deane/ 
Westn II fnlt1~11 Coastal rosemary M ttrlclfolill 
M tmanifoJJa 
. 
F: LAURACEAE M. nOdOh Ball honexmxrtle 
E.n<tlandnJ sfeben Corkwood M. qurnqllenflfllia Broad-leaved l!l.(!!rbert.. 
M. SQII/10$11 
f ; U:NnBULARIACEAE lblldderwortal M. aholdea Prockl't'·leaved !bert. 
• 
'"'-~_cyancte M lh !foil I Tt!Yme hone le 
U dldlotoma S1 ,ecuJlla glomul• ,.,. ~ IJI'J)enhnt 
U tfchotoma VII r. unlllora. s um coo/mlntanum 
u. Jalenllora 
F; OCHNACEAE 
F: UNACEAE 
-
Ochne~latl Oc:MI 
Unum ~um (lntrod ) 
F: OLACACEAE 
• 
F: LOBEUACEAE O/u4tncta 
• 
Lobria alat• 
L dentata FOLEACEAE 
f'BIIIt =-ns White-root - _· _, tfl " . &. _,.,,. .:lriwtl 
L IIIC:idum Laroe lear oriven 
IVotolua 011-ata Native otillo 
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APPENDIX 8 (continued): Vegetation species list- Rehead Lagoon. Compiled from species list by Baxter 
and McDonald (1 984) (species names in black writing) and author's own survey (species names in blue writing). 
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APPENDIX 8 (continued): Vegetation species list- Rehead Lagoon. Compiled from species list by Baxter 
and McDonald (1984) (species names in black writing) and author's own suNey (species names in blue writing). 
~IAtiON I Jr"C: c~ rvr.~E v~'"' TYPE (!~ IIJ~ if;~ ~(lrv IF: POACEAE ''" 
!!f· l) ~~ ~ I. 
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12.9 APPENDIX 9: Core E12b: Summary of sedimentological data 
Ages • "C (BP) Depth (m) Moisture oontent (%) Loss-on-Ignition (%) Bulk density (kg m .. ) Mineral bulk density (kg m .. ) 
002 81 53 5343 15818 7367 
0.06 67 82 5899 126 71 5196 
010 7642 47 .18 11809 62 38 
014 74 58 43 .05 132 71 75 59 
018 8220 5317 9612 4501 
7.080 :t 50 022 8397 5042 101 75 5045 
026 8385 5085 122 48 6021 
0.30 75 4& 33.04 1n 13 11860 
0.34 6567 24 .62 28923 218 02 
9080~50 038 54 59 1618 41912 351 29 
0 42 4981 12.83 44082 38513 
0.46 5184 1159 36233 32034 
0.50 4643 10.61 447.60 40010 
10.500 ±80 054 4519 7 78 461 .68 425.75 
0.58 41 10 5 .47 47348 447 59 
0.62 3928 8 78 25294 23074 
066 3939 863 291.43 26628 
10 520 :1: 80 070 39 78 924 49631 450 45 
11 210 :t 70 0 74 37.20 861 642 .97 60046 
10 470 :t 100 078 3861 10.99 673.59 59957 
10 590 :t 80 082 4058 14 73 572.52 48818 
28 640 ±270 0 .86 4873 18 23 47953 39213 
090 51 21 19 09 43053 34832 
094 4812 24 38 483.42 365.58 
098 50.00 19 92 46748 374 35 
33 750 :i: 320 102 47 a.c 1846 51326 41852 
106 4486 1357 56486 488.21 
34 020 :t 340 110 44 70 1590 554 32 46622 
32.350 :i: 280 114 44 80 16 80 58560 48723 
118 4529 17 31 541 71 447 94 
1 22 45 31 1660 55038 45904 
126 4528 1503 56335 47868 
35660± 790 1 30 4289 17 32 80808 502.78 
1 34 42.50 1610 591 80 49655 
138 42 87 14 99 543 58 462.09 
1 42 4320 1818 50607 414 07 
146 4260 1780 50583 415.78 
150 41 .01 1540 54540 461 .40 
154 41 65 1629 51970 435.03 
158 42 06 14.99 52811 44896 
162 41 .48 16 59 520 48 434 11 
166 4078 1653 56582 47229 
170 4021 16.10 48991 411 .02 
1 74 3887 14 .49 617 85 52830 
178 36.50 14 02 62598 53819 
39 530± 1320 182 33 71 1246 654 26 snn 
40 200 :t 1450 186 3037 12 78 76960 671 22 
36060 :t 830 1 90 3118 1322 69017 59895 
194 3219 12.97 611 80 53245 
198 31 72 11 .30 69167 81350 
2 .02 3258 13.32 60534 524 71 
206 3288 1390 636.25 549 51 
210 3279 1318 69608 60449 
2H 3267 116.2 837 21 563.17 
2.18 3311 12 46 681 ,36 596 49 
222 3326 1189 882.55 58378 
2.26 3317 944 61037 552 74 
' 
2.30 3445 990 68281 61523 ' ' 
2.34 34 92 12 14 646.66 56818 
! 
' 
2.38 3536 11 38 822.55 55'! 70 
242 37 11 14 06 80879 52318 
2.46 3806 13 81 611 .73 52726 
250 37 54 14 53 594 40 508.02 
254 37 17 15 41 56462 4n61 
258 3633 15.91 61975 521 13 
' 
262 3887 16 97 54586 45321 
266 37 41 16 72 58680 48870 ! 
270 3813 1710 58896 488.26 i 
2.74 3880 1860 54819 44621 
• 
2 78 3849 17 26 542 35 448.76 
' 
2 82 38 82 17 34 57066 471 73 ' I 
286 3941 1594 55939 47020 
290 4000 15 87 52079 43814 
294 39.90 14.96 515.06 437 .99 
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APPENDIX 9 (continued): Core E12b: Summary of sedimentological data 
Ages • OSL (years a oJ Depth (m) Moisture Content (%) loss-on ·Ia nltlon . (%} Bulk density (kg m .. ) Mineral bulk density (kg m .. ) i 
2.98 40.<43 16.33 495.43 414 52 i 
302 4026 13.12 532.08 40227 i 
306 39.67 15.47 529.87 44789 I 
I 3.10 39.88 13.74 536.59 <462.89 
314 38.52 16.05 583.67 490.00 
318 37.17 16.08 550.35 461.88 
3,22 38.26 13.99 487.99 41971 
3.26 39.25 19.79 503.61 403.93 
3.30 39.43 20.28 526.13 419 42 
3 .34 39.66 19.83 501 .00 401 .67 
3.38 40.16 18.50 492.21 40116 
342 38.82 18.90 493 25 400.05 
346 37 42 19.80 515.65 413.56 
350 3215 17.27 642.16 53128 
3.54 30.54 16.51 643.40 537 25 
3.58 30.82 15.41 663.36 56116 
3.62 30.86 17.40 672.79 55572 
3.66 30.58 17.20 620.14 513.50 
3.70 28.32 15.69 717 76 605.17 
3.74 28.61 15.35 684.11 579.09 
3.78 2915 16.26 694.60 581 .63 
3.82 29.56 14.90 678.20 57716 ! 
3.86 27.87 13.97 693.28 596.45 I 
3.90 23.45 9.48 794.40 71907 
' 
3.94 21 .87 8.07 824.59 758 .03 ' 
3,98 17.58 7.60 943.04 87136 ' 
4 .02 1227 4.48 107005 1022 11 
' 
4.06 15.00 5.74 981.50 925.14 ' 
70,000 :t 5 000 4.10 15.75 7.55 934.57 864.02 
4 14 1327 5.21 1054 25 999.33 
4 18 1083 3.47 11 16.16 10n.38 
4.22 11 98 3 .80 1132.59 1089.54 
4 26 13.88 4.72 994.25 947 .28 
4.30 13 74 3.72 1078.84 1038.72 
4.34 14 17 4 .32 1009.12 965.53 
4.38 13.43 3.38 1049.25 1013 80 
' 4.42 12 51 2.n 1090.91 1060.68 
4.46 12 22 2.55 1142 07 11 12 .94 
4.50 11 93 3.06 1086.79 1053.51 
4.54 11 99 2.53 1142.05 1113 18 
4.58 1216 2 35 1126.38 109989 
4 62 12 09 2.56 1127 82 109892 
4 66 11 60 2 39 1116.67 1090 04 
-4.70 1149 1 91 1078.12 1057.54 
76 000 ± 5000 47 4 11 68 188 1159.89 1138.14 
4.78 11 .66 1 15 1212.41 1198 46 
4.82 11 .80 1 70 1124.07 1104 92 
4.86 11 .88 2.00 1126.92 1104.40 
4.90 1189 2.07 1165.46 11 41 37 
4 94 11 79 173 1195.11 117444 
4 98 12 06 2.21 1098.37 1074.06 
5.02 12 28 1.70 1115.03 1096.04 
5.06 12 70 2.18 1166.49 1141 11 
510 1293 2.46 1131.90 1104.02 
514 13.66 2.75 1068.60 1039.2 1 
518 13.90 2.87 1089.27 1058.06 
75 000 :t 6 000 5 22 13.51 2.23 1111.79 1086.96 
5 26 12.84 2.33 1130.66 1104 37 
5 .30 12 01 1.95 1230.05 1206.01 
5 .34 11 48 1.60 1227.47 1207.80 
538 11 84 1 79 1267 74 1245.09 
5.42 1248 1n 1102.80 108330 
5 46 12.52 157 1176..26 1157.85 
5.50 12.63 1.98 1272.45 1247.22 
5.54 13.05 2.04 1254.57 1229.03 
558 13 21 1.10 1269.74 1255.63 
5.62 13.11 1.40 1324.92 1306.45 
566 13.55 2.16 1295,93 1267 96 
570 13.54 1.36 1328.98 1310.95 
5.74 13.96 2.18 1211 .61 1185.17 
5.78 13.52 1.40 673.61 86138 
-------- - ---··- - -·· --------- - - ·-··-····- - - -----
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12.10 APPENDIX 10: Core E12c: Summary of sedimentological data 
Ag .. . '"C (BP) Dept!> (m) Moisture content(%) Loss-on4gnltlon (%) Bulk density (kg m ) Mineral bulk density (kg m ) 
003 . 
008 
013 
- --
018 
023 No_..,-deplla 
028 
l-Oll__ 
J!1L_ 
043 
0 48 8981 62 95 111 20 41 20 
053 87 43 60 47 132 30 52 30 
058 9899 000 1020 10 20 
063 9077 74 87 93 50 23 50 
068 9613 50 76 39 40 19 40 
0 73 97 54 000 2600 2600 
078 8653 59 93 11660 4860 
----·-
1- 083 
088 No_..,-deplls 
093 
098 
103 8794 59 37 117 90 47 90 
108 8719 55 02 14540 8540 
113 8928 57 97 10350 4350 
118 9178 7109 84 40 24 40 
123 8197 25 55 195 70 145 70 
128 8521 27 78 14410 104 10 
1 33 7390 17 27 28980 23980 
1 38 52 47 717 697 50 847 50 
1 43 6075 15 05 46510 39510 
9290±50 147 4888 589 76186 71699 
150 55 47 1195 58005 510 75 
1 52 5112 11 74 628 89 555 08 
155 5004 829 697 98 854 OS 
157 57 14 1277 527 58 48022 
180 59 47 13 94 501 75 431 81 
182 52 52 1330 65368 56671 
10 410 t 160 165 57 25 14 28 59381 50902 
187 5502 1367 84369 55568 
170 45 59 12 77 837 71 730 75 
17 270 ;t 100 172 42 88 10 55 83395 745 98 
1 75 4480 1018 90001 80840 
1- 1.76 
183 
No_..,-deplls 
19740;t 100 187 4300 1229 815 82 715 54 
192 47 58 15 07 73405 623 48 
197 5123 15 76 62301 524 82 
23 750 ;t 140 2 02 5438 19 04 61889 50103 
2 08 62 34 1116 537 70 47770 
2 13 8313 1856 484 60 394 60 
218 8154 20 52 487 40 387 40 
2 23 8525 1391 43130 371 30 
2 28 8856 1908 3615 80 296 80 
2 33 8481 19 73 45810 3615 10 
2 38 6538 14 53 413 00 35300 
243 67 50 1860 32280 26260 
~ 48 0803 22 27 404 20 314 20 
2 53 6386 1668 479 60 39960 
258 84 23 1812 434 30 384 30 
2 83 6285 14 68 47690 40890 
2 68 6051 18 89 478 50 396 50 
2 73 6021 21 07 522 00 412 00 
2 78 5941 2033 49200 392 00 
2 83 8108 17 43 45910 37910 
2 88 6051 19 65 50900 40900 
2 93 5608 1938 61910 49910 
298 5540 1577 507 20 427 20 
3 03 52 34 17 02 64840 538 40 
3 08 5312 15 93 564 60 474 80 
313 5278 14 16 83570 545 70 
318 5228 17 12 58410 48410 
3 23 5318 1846 60740 507 40 
3 28 5217 1818 88010 54010 
3 33 5156 2005 84830 518 30 
3 38 5092 1926 674 60 544 80 
3 43 5114 16 93 84960 539 60 
348 4839 18 79 714 50 594 50 
353 5002 1688 77940 849 40 
3 57 51 07 18 85 68970 55970 
362 4739 17 51 799 40 659 40 
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APPENDIX 10 (continued): Core E12c: Summary of sedimentological data 
Age • OSL ()'e•rw •oo) Depth (m) Molstura content(%) Loas-on-<onltlon (%) Bulk density (kg m ) Mineral bulk density (kg m ~, 
3117 45111 16 27 7991(). 1111910 
372 43 29 1549 90390 76390 
377 4137 16 54 90890 751190 
3 82 3981 15 21 105210 89210 
387 3844 15 83 113880 951180 
3 92 37e7 1554 115800 97800 
3 97 39 31 18 42 1098 00 91800 
4 02 4180 17 15 93290 77290 
407 4123 1804 997 70 837 70 
4 12 4149 1719 93080 77080 
417 4212 1712 934 50 77450 
4 22 43 08 16 44 91230 76230 
4 27 44 57 15 27 98240 83240 
4 32 4350 1604 93520 78520 
4 37 44 25 17 92 781 20 114120 
4 42 44 42 1776 1013 70 833 70 
4 47 47 08 20 03 79880 63880 
4 52 49 71 2118 84980 1111980 
4 57 46 89 21 82 96280 75260 
4112 51 30 19 02 1111350 55350 
4 67 51 93 22 57 62020 4eo 20 
472 52 04 2281 1111350 513 50 
477 46 58 2035 1111790 54790 
4 62 48 55 22 47 66750 517 50 
487 45 43 22 70 92510 71510 
4 92 49 48 22 71 70440 54440 
4 97 4912 25114 73540 54540 
502 4818 21 25 75300 59300 
507 47 51 2201 817 70 113770 
512 44 27 23 30 94430 72430 
517 23 74 881 1702 60 1552 60 
5 22 21 79 908 1651 30 150130 
5 27 2543 1091 14111110 130810 
5 32 301111 16 53 1209 eo 1009 60 
5 37 3211 14 82 1416 eo 1206 80 
542 3103 15 79 12111190 10111190 
547 38 79 3018 994 20 894 20 
5 52 3839 21 57 10111110 83810 
5 57 371111 22 49 1067 00 627 00 
5112 3860 2125 112920 88920 
587 37 82 1799 1187 50 957 50 
572 38 28 1627 1106 30 926 30 
SI7 
582 
uz __ 
592 
5.~ 
602 
---- 1107 
612 
617 No da1a lot these depths 
822 
1127 
-
~32 
637 
842 
___ !!.£__ 
II 52 
857 
·-
1162 
11117 
672 1063 155 1682 20 1851110 
1177 1300 0 48 2207 60 2197 00 
8 82 11 93 171 2288 40 2249 20 
8 67 11 711 11111 1950 30 1917 50 
892 1351 096 238900 2346 30 
r--79100 ± 5 200 
897 
7 02 
7 Q_7 
,ill_ 
717 
~ .1.1L_ 
7 27 
-
No da1a lot these depths 
7 32 
I- 737 -
742_ 
-
7Sf__ 
7 52 
7 57 
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12.11 APPENDIX 11: Sediment accumulation rates data 
CORE E12b SUMMARY 
Sample Sediment accumulation rate Age 
depth (m) (kg m·• a') 
0.00-0.12 0.05450 1998-1860 AD 
0.12-0.84 0.02179 1860 AD -10,250 ± 70 BP 
0.84-1.00 0.00252 10,250 ± 70 • 33,750 ± 320 BP 
1.00-4.00 0.04221 33,750 ± 320 BP • 70 ± 5 ka 
CORE E12c SUMMARY 
Sample Sediment accumulation rate Age 
depth (m) (kg m·• a') 
0.025-1.845 0.01976 2002 AD -10,410 ± 160 BP 
1.845-1.825 0.00761 10,410 ± 160-19,740 ± 100 BP 
1.825-2.02 0.02949 19,740 ± 100 • 23,750 ± 140 BP 
I 2.02-5.075 0.03171 23,750 ± 140 BP • 70 ± 5 ka 
CORE F4c SUMMARY 
Sample Sediment accumulation rate Age I 
deDth lml (kg m·• a·') 
0.02-0.20 0.26341 1996-1955 AD 
I 
0.20-0.44 0.48531 1955-1897 AD 
0.44-0.76 0.81472 1897-1860 AD 
I 0.76-2.28 0.01310 1860 AD· 5,820 ± 60 BP 
2.28·2~ L__ ·-- 0.01667 __ 
---
L__ 5,820 ± 60.6,550 ± 60 Bf'__ ~ 
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12.12 APPENDIX 12: Cores E12b and E12c: Volume magnetic susceptibility data 
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APPENDIX 12 (continued): Cores E12b and E12c: Volume magnetic susceptibility data 
coro c1Zb (continued) Core E12c oontinuodl 
0.11!11 (ml Vollmo m•llftOIJ• ouuoptllllllt) (IL 1~-&l,....n:.l ' o,pll1 tm) VoiW!rt magnetic -•tpiiiJIUiy I• ICI" Ill units) 
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APPENDIX 12 (continued): Cores E12b and E12c: Volume magnetic susceptibility data 
Core E12c continued) 
-.. 
Volum• magnetto s'*>tlpbbtltty (lC 10' II Polftltl.) 
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N JWilliams Cores E12b and E12c volume magnetic susceptlbi.Jty data AppendiX 12 
12.13 APPENDIX 13: Core E12b: Mineral magnetic susceptibility data 
Ag .. . "C (BP) Depth (m) Mass magnetic low rr.quency susceptibility (1o.a m1•o·') F~uency-dependent magnetic suscep11blllty (%) 
002 058 625 
006 .{)03 000 
010 .{)07 4857 
014 .{) 10 000 
018 -1 44 152 
7.080± 50 022 .{)29 000 
028 .{)74 15 99 
030 068 1945 
034 074 000 
9080±50 038 111 853 
0 42 133 312 
048 168 11 37 
050 183 924 
10500±80 054 150 583 
058 138 000 
062 084 644 
068 1 31 000 
10520±80 0 70 197 1053 
11 210:1:70 074 1 87 958 
10 470 :t 100 078 2 37 1078 
10 590:1:80 082 202 357 
28 640:1:270 086 160 4 67 
090 172 890 
094 094 009 
098 137 348 
33 750±320 1 02 166 1862 
106 173 4 24 
34 020:1:340 110 181 12 22 
32 350 :t 280 114 186 8 93 
118 172 6 47 
1 22 189 1000 
128 190 736 
35660:1:790 130 196 9 37 
134 206 866 
138 220 826 
142 212 934 
148 201 9 51 
150 204 613 
154 213 8 20 
158 191 1306 
162 187 6 42 
166 201 532 
1 70 194 625 
1 74 219 684 
1 78 2 21 769 
39 530:1: 1320 182 233 625 
40 200:t 1450 186 2 23 7 57 
36 060 ± 830 190 2 31 699 
194 2 23 510 
198 234 674 
2 02 2 21 456 
206 234 6 55 
210 229 4 29 
214 228 623 
218 228 698 
2 22 223 4 25 
228 224 2 48 
230 220 310 
234 233 4 17 
238 225 3 79 
2 42 228 448 
248 233 41 4 
250 228 5 26 
254 217 484 
258 223 389 
262 184 109 
266 227 426 
2 70 227 4 88 
2 74 211 2 33 
2 78 167 536 
2 82 184 3 43 
286 244 532 
290 227 4 76 
,QA 2 31 390 
--
N JWilliams Core E1 .. ,e·a1 m IC suscep1•o•::!y data AppE 
APPENDIX 13 (continued): Core E12b: Mineral magnetic susceptibility data 
Ago · OSL (}'!•rs agol Oopth [m) Mass magnetic low frequency susceptibility (1o., m'kg'1) Frequency-dependent magnetic suscoptlblllty (%) 
298 223 654 
302 232 610 
306 2.25 .(92 . 
3.10 2.30 .(90 
314 2 29 1 79 
318 2.26 372 
3 22 230 799 
326 215 .(43 
330 219 202 
334 215 5.42 
3.38 2.27 3 11 
3.(2 2 22 • 78 
H6 2 23 8.0 
350 2.S 438 
354 230 2.S 
358 2 37 5.83 
362 2.43 2.87 
366 234 2.50 
3 70 259 692 
3 7.( 2 49 6.S 
3 78 2 2.( 292 
382 219 383 
386 216 149 
' 
390 2.25 4 77 
394 231 276 
3.98 158 400 
402 062 978 
406 1 07 826 
70000± 5 000 .(10 144 639 
41.( 0.96 1017 
418 0 76 1103 
4 22 094 8.13 
.(26 133 450 
430 154 947 
.(34 159 7 25 
.(38 1 37 10.(2 ' 
4.(2 1.47 8.49 
4.S 1.56 1013 
450 1 31 8.33 
454 105 885 
458 118 706 
• 62 0.97 6 . .0 
4.66 115 8 52 
4.70 0.99 7.03 
76 000 ± 5 000 • 74 1.14 6.57 
4 78 1 27 9 28 
• 82 099 10.33 
.(86 117 902 
.(90 108 672 
494 0.83 884 
498 0.97 813 
502 109 672 
506 1.25 8 • 5 
510 1 22 367 
514 134 938 
518 116 10.47 
75 000± 6 000 522 111 9.09 
5 26 1 07 10.28 
530 095 851 
534 1 04 7 57 
538 1 52 5 73 
542 093 1367 
546 087 7 73 
550 0 85 583 
554 0.86 1094 
558 0.83 839 
562 094 7 69 
566 098 9.S 
5 70 117 8.10 
574 103 6.59 
578 119 8.57 
I N J Wdlo"'::·._ Co~e E -- ... neral magne\Jc ----,....1b11ity data ~,Jpet._.x 13 
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12.14 APPENDIX 14: Redhead Lagoon fossil pollen reference images 
12.14'.1 Exotic taxa and marker spores 
PINACEAE 
Pinus 
PLANTAGINACEAE 
Plantago lanceolata 
PLANTAGINACEAE 
Plantago lanceolata 
POACEAE 
(> 50 J.lm) 
N J Williams 
-
1 . 27.7 ~m 
• 
• 
1. 26.6 iJm 
• 
• 
• r 
• 
• 
Redhead Lagoon fossil pollen reference Images- exotic taxa 
1. 48.5 
1 . 27.21-J . ~ 
22 . 
Appendix 14 
MARKER SPORE 
Lycopodium 
29.2 l-Jm 
12.14.2 Rainforest and tree ferns taxa 
CUNONIACEAE 
Ceratopetalum 
CYATHEACEAE 
Cyathea 
ELAEOCARPACEAE 
Elaeocarpus 
• 
-
1. 7.5 ~m 
N J Wrlliams Redhead Lagoon fossrl pollen reference Images- rainforest and tree ferns ta><a Appendix 14 
FAGACEAE 
Nothofagus moorei 
FAGACEAE 
Nothofagus moorei 
MYRTACEAE 
Acmena 
MYRTACEAE 
Acmena 
N J Withams 
.. 
' 
I 1 . 17.2 J,Jm 
.. 
• 
Redhead Lagoon fossil pollen reference images- rainforest and tree fems taxa 
1. S1.8Jiftl 
Appendix 14 
12.14.3 
CASUARINACEAE 
Type 1 
>28 Jlm 
CASUARINACEAE 
Type 1 
>28 J.lm 
CASUARINACEAE 
Type2 
23-28 J.lm 
CASUARINACEAE 
Type2 
23-28 Jlm 
CASUARINACEAE 
Type3 
<23 J.lm 
N J Williams 
Other trees taxa 
1. 32.8 ~m 
• 
-
• 
1. 30.0 ~m 
1 . 24.7 ~m 
1. 21.0 ~m 
1. 22.9 IJm 
, ,........ 
• 
Redhead Lagoon fossil pollen reference 1mages- other trees taxa 
1. 29.4 ~m 
, 
... 
• 
, 
• 
Appendix 14 
CUPRESSACEAE 
MYRSINACEAE 
MYRTACEAE 
Angophora/ 
Bloodwoods 
MYRTACEAE 
Angophoral 
Bloodwoods 
MYRTACEAE 
Angophora/ 
Bloodwoods 
N J Wilhams 
1. 25.1 ~m 
• 
• W · 
• 
• 
• 
, .... 
~· 
• 
-
Redhead Lagoon fossil pollen reference images - otller trees taxa 
• 
• 
,. 
ii 
.. 
• 
9.7 ~-m 
/ 
• 
1. 33.21Jm 
• .. 
• 
Appendix 14 
MYRTACEAE 
Eucalyptus 
Type 1 
15-19 J.im 
MYRTACEAE 
Eucalyptus 
Type 2 
19 J.Jm+ 
MYRTACEAE 
Eucalyptus 
Type3 
15-19 J.Jm 
MYRTACEAE 
Eucalyptus 
Type4 
19 J.im+ 
N J Williams 
• 
. 12.2 
thick, rounded 
• 
1 . 20.1 ~m 
~ . 
• 
• 
• 
1. 13.9 ~m 
~-
I 
, 
... 
1 . 20.9 ~m 
• 
14.6 ~ 
• 
r-
. ..... , 
II 
.. 
• • 
• 
• 
1. 15.6}:1 
1. 19.4 IJm 
.... 
• 
.......... -~ 
1. 27.3~tm 
Redhead Lagoon fossil pollen reference images - other trees taxa Appendix 14 
MYRTACEAE 
Degraded Myrtaceae 
MYRTACEAE 
Degraded Myrtaceae 
MYRTACEAE 
Eucalyptus/ 
Melaleuca type 
N J Wilhams 
-
• 
• 
Redhead lagoon fossJI pollen ref~r~nce images - other trees taxa Appendix 14 
MYRTACEAE 
Melaleuca 
• • qumquenerv1a 
MYRTACEAE 
Melaleuca 
• • qu1nquenerv1a 
MYRTACEAE 
Other 
Melaleuca 
MYRTACEAE 
Other 
Melaleuca 
N J Williams 
iii 
-
• 
15.0 1-:!m 
• 
;# 
• 
Redhead Lagoon fossil pollen reference images· other trees taKa Appendix 14 
12.14.4 
ARALIACEAE 
ARALIACEAE 
CUNONIACEAE 
Bauera 
EPACRIDACEAE 
EPACRIDACEAE 
N JWilhams 
Small trees and shrubs taxa 
• 
20.8 ~m 
• • 
Redhead Lagoon fossil pollen reference 1mages - small trees and shrubs taxa Appendix 14 
EPACRIDACEAE 
Monotoca 
FABACEAE 
GYROSTEMONACEAE 
• 
-
-18.81-Jm 
-
1 . 19.71Jm 
• 
• 
N J Williams Redhead Lagoon fosstl pollen reference images- small trees and shrubs taxa 
• 
Appendix 14 
MALVACEAE 
MALVACEAE 
MIMOSACEAE 
Acacia 
MIMOSACEAE 
Acacia 
MYOPORACEAE 
• 
t 
1 . 4351Jm 
-
..... 
• 
9.6~ " 
. ..~ . 
Acacia cell 
N J Wtlhams Redhead lagoon fossil pollen reference 1mages - small trees and shrubs taxa Appendix 14 
MYRTACEAE 
Baeckea 
MYRTACEAE 
Callistemon 
MYRTACEAE 
Ca/listemon 
MYRTACEAE 
Callistemon 
MYRTACEAE 
Ca/ytrix 
N J Williams 
-
1. 9.5 
10.6 1Jm'' 
"' " -
11 . 5~m, • 
, 
• 
• , 
1. 11.9 1. 12.1 IJm 
-1. 12.2 J.Jm 
I --- - -- -
"' 
1. 11 .5 
• ~ • 
• -
. ' 16.6 J-Im 
• 
~ f 
• 
Redhead Lagoon fossil pollen reference images - small trees and shrubs taxa Appendix 14 
MYRTACEAE 
Leptospermum 
MYRTACEAE 
Leptospermum 
PODOCARPACEAE 
PODOCARPACEAE 
PODOCARPACEAE 
• 
• 
• 
' 
' 
1. 11.5 ~m 
' 
10.2 J.Jm 
• 
' 
•· -. 
.,. 
' 
' 1. 11.7 
1. 40.1 ~m 
~ -
" 
• 
~ ,. 
-
~ 
II. 
1. 25.9 IJm 
, 
N J Williams Redhead Lagoon fossil pollen reference images -small trees and shrubs taxa Appendix 14 
PROTEACEAE 
PROTEACEAE 
PROTEACEAE 
Banksia 
RHAMNACEAE 
Pomaderris 
RHAMNACEAE 
Pomaderris 
N J Williams 
-
• 16.1 JJm 
, 
• I • I 
11 a 
~· ~~- "t , 
.. .. 
1. 38.6 ~m 
• 
_, 
1. 16.0 urn 
·-
• 
Redhead Lagoon 'fossil pollen reference images - small trees and shrubs taxa App~ndiX 14 
RUBIACEAE 
Asperula 
RUBIACEAE 
Coprosma 
RUTACEAE 
N J Williams 
.. 
1. 12.8 ~m 
1. 23.0 ~m 
Redhead Lagoon fossil pollen reference images - small trees 811d s/)rubs taxa Appendix 14 
SAPINDACEAE 
Dodonaea triquetra 
SAPINDACEAE 
Dodonaea triquetra 
SAPINDACEAE 
Dodonaea triquetra 
SAPINDACEAE 
Dodonaea viscosa 
·,....:-::....:..· :..~ . ~m 
• 
~·, , - -
1. 31.3 ~m 
-
• 
• 
N J Williams Redhead Lagoon fossil pollen reference images - small trees and shrubs taxa 
• 
AppendiX 14 
12.14.5 
ASTERACEAE 
Type A 
Tubuliflorae 
15-19 um 
ASTERACEAE 
Type A 
Tubuliflorae 
>20um 
ASTERACEAE 
Type A 
Tubuliflorae 
(large-spined) 
ASTERACEAE 
Liguliflorae 
ASTERACEAE 
Liguliflorae 
N J Williams 
Woody and herbaceous taxa 
-
• 
1 23.7 ~m 
2. 
t 1. 17.3 1Jm 
.. 
Redhead Lagoon fossil pollen reference 1m ages - woody and herbaceous taxa Appendix 14 
ASTERACEAE 
Type 8 
Tubuliflorae 
(blunt-spined) 
ASTERACEAE 
Type 8 
Tubuliflorae 
(blunt-spined) 
ASTERACEAE 
Type 8 
Tubuliflorae 
(blunt-spined) 
ASTERACEAE 
Type 8 
Tubuliflorae 
(blunt-spined) 
N J W1lliams 
-
• 
• 
. 17.8 ~m . 19.31Jm 
, . . 
1. 18 .3 
.. 
Redhead Lagoon fossfl pollen reference images - woody and herbaceous taxEJ Appendtx 14 
CARYOPHYLLACEAE 
CHENOPODIACEAE 
Chenopod 
GOODENIACEAE 
GOODENIACEAE 
Goodenia 
XANTHORRHOEACEAE 
Xanthorrhoea 
.- '-· 
17.3 ~~~ 
• 
,. 
• • 
1. 25.8 1Jm 
• 
N J W~liams Redhead Lagoon fossil pollen reference images - woody and herbaceous taxa 
, . 
Append•x 14 
12.14.6 Herbaceous taxa 
-
AIZOACEAE 
AMARANTHACEAE 
14.2 1. 14.1_1Jm 
AMARANTHACEAE 
• 
N J Wtlliams Redhead Lagoon fossil pollen reference images - herbaceous taxa Appendix 14 
APIACEAE 
APIACEAE 
APIACEAE 
Hydrocotle 
APIACEAE 
Hydrocotle 
APIACEAE 
Hydrocotle 
N J Williams 
• 
-
. 3 1 .5 ~m 
:, 1. 38.0 ~m • 
... 
• 
• 
• 
1. 13.0 IJm 
Redhead Lagoon fossil pollen reference images - herbaceous taxa Appendix 14 
--1. 18.3 IJ 
BRASSICACEAE 
.. 
1. 17.3 J.Jm 
BRASSICACEAE 
1. 28.3 ~m 
_.. 
BRASSICACEAE 
1. 37.3 l-Jm 
BRASSICACEAE 
N J Williams Redhead Lagoon fossil pollen 'reference imag~s -herbaceous .taxa Appendix '14 
EUPHORBIACEAE 
Amperea 
EUPHORBIACEAE 
Amperea 
EUPHORBIACEAE 
Berty a 
EUPHORBIACEAE 
Other 
EUPHORBIACEAE 
Other 
N J Williams 
• 
-
• 
• 
• 1. 24.6 
.. 
Redhead lagoon fosstl pollen reference images - herbaceous taxa Appendix 14 
LILIACEAE 
Astelia 
LILIACEAE 
PLANTAGINACEAE 
Plantago (native) 
POACEAE 
(< 30 f.Jm) 
POACEAE 
(30-50 f.Jm) 
N J Williams 
• 
• 
• • 
• 
pore 
• 
1. 21.0 IJm 
- -- -
pore 
/ 1.: rtf I • t 
' . . , 
J 
Redhead Lagoon fossil pollen reference images- herbaceous taxa Appendix 14 
POL YGONACEAE 
POLYGONACEAE 
RANUNCULACEAE 
ROSACEAE 
Acaena 
ROSACEAE 
Acaena 
N J Williams 
• 
• 
1. 35.4 ~o~m 
.. 
• 
·-~ 
• 
1. 15.9 IJm 
"• 
• 
Redhead Lagoon ·fossil pollen reference images - herbaceous taKa Appendix 14 
THYMELAEACEAE 
Pime/ea 
THYMELAEACEAE 
Pimelea 
URTICACEAE 
Urtica 
URTICACEAE 
Urtica 
N J Withams 
-
21 .3 ~m 
Redhead lagoon fossil pollen referernce 1mages- herbaceous ta>:a 
1. -47 .1 ~m 
,; 
~ 
Appendix 14 
12.14.7 Ground ferns taxa 
DICKSONIACEAE 
Calochlaena (Culcita) 
SELAGINELLACEAE 
Sel/aginella 
FERN SPORE 
Trilete 
FERN SPORE 
Monolete/psilate 
N J Wi111ams 
-
, 
Redhead Lagoon fossil pollen reference images - ground ferns taxa 
~ 
• 
Appendix 14 
12.14.8 Aquatic and sedge taxa 
BRASSICACEAE 
Rorippa 
CYPERACEAE 
CYPERACEAE 
Elaeocharis 
-
.. ,riJ 
N J Will1ams Redhead lagoon fossil :pollen refer.ence images • aquatic and sedge taxa Appendix 14 
HALORAGACEAE 
Haloragis 
HALORAGACEAE 
Haloragis 
HALORAGACEAE 
Myriophyllum 
HALORAGACEAE 
Myriophyllum 
HALORAGACEAE 
Myriophyllum 
' 
• 
1. 21 .8 IJm 
~ 
~ 
• 
• 
'\ 
~ 
2 19.8 ~m 1. 19;3 ~m 
1. 23.2 IJm 
1 38 1 IJm 
• 
N J Williams Redhead Lagoon fossil pollen reference -images -aquatic; and sedge taxa 
. 19.5 
AppendiX 14 
JUNCAGINACEAE 
Triglochin 
JUNCAGINACEAE 
Triglochin 
MENYANTHACEAE 
RESTIONACEAE 
TYPHACEAE 
Typha 
.. .. 
J 
-~ 
• 
N J Williams Redhead Lagoon fossil pollen reference images- aquatic and .sedge taxa 
. 25 . .i ~m I 
..... 
- . ..__ 
• 
• pore 
I 
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>30 JJm 
APEX-BASE 
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PARASYNCOLPATE 
SIMPLIFIED MYRTACEAE KEY- REDHEAD LAGOON CATCHMENT AREA 
Key based on information contained within Pike (1956), Cha/son and Martin (1995) and images contained within the 
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Equatorial diameter 
<20 JJm 
Pollen images taken from fossil pollen found m the sediments of Redhead Lagoon. 
Equatorial diameter= 
<14 JJm 
Equatonal diameter 
14-20 JJm 
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12.16 APPENDIX 16: Percentage pollen count summary· surface samples 
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POLLEN TOTALS SUMMARY 
'llo "-lnforftt •ncl a... t.ms 
0.00 
1.72 
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0.71 
0.00 
0.00 
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0.00 
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!!!! 
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!!!!. 
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"'" 029 3.57 929 
... . .. 704 
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15.56 000 12.22 
5.20 2.89 
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12.84 3.87 7.34 
PERC-ENTAGE POLLEN COUNts OFINDMDUAL TAXA 
Plnu. ' """'-t' llln•HiaM P011- PIG pm) 
t.54 t.73 I o.oo 
.9.:!! 
~ 
1.1! 
.!!!. 
0.71 
1.2!. 
ill 
.!J.1 
..2.22. 
0.00 
0:00 
C1SU11riml- sum 
(1.15 
,., 
5.81 
13.29 
10.114 
7.14 
3A7 
2.88 
7.78 
IO.&a 
3.45 
734 
EwaOOIIW aum 
29.23 
37.93 
48.39 
48.55 
28.91 
... 00 
57.64 
37.41 
45.58 
39.31 
48.28 
47.71 
2M 
.9£ 
.2:!!2. 
.U2. 
0.00 
~ 
!!! 
~ 
~ 
0.00 
0.00 
__ , 
Blooctwood _.1yMS 
9.23 
16.09 
11.81 
9.83 
15.83 
18.43 
11.81 
21.58 
14.44 
"" 12.64
11.01 
.......... 
llellleuoa t)'pJ_ 
0.00 
8.05 
0.00 
2.89 
0.78 
'·" 4.17 
0.00 
2.22 
0.00 
10.34 
3.87 
.9.:22. 
~ 
w. 
.2l! 
000 
ill 
.9.:22. 
~ 
~ 
.9.:22. 
0.00 
EIMI8/ypW._,.1 
15-111111\) 
13.85 
17.24 
19.35 
19.85 
12.50 
10.71 
1U4 
12.23 
15.58 
9.83 
22.99 
15.80 
llellleucaaum 
20.81 
18.13 
22.99 
0.00 
28.« 
"·" 58.83 
..... 
53.57 
25.78 
48.89 
15.80 
Surface samples - percentage pollen data 
'A. Ground t.ms 
0.00 
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0.00 
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0.50 
2.30 
1.83 
...... 
--o.oo 
m 
~ 
.9.:22. 
.9.:22. 
0.71 
.9.:22. 
~ 
.9.:22. 
~ 
0.00 
ii.i2 
E.-.Jyptw 8p.2 
C20·2t ml 
15.33 
16.87 
20.00 
22.54 
14.08 
19.29 
27.78 
20.14 
24.44 
21.39 
18.39 
25.89 
""'"'""'"-0.00 
1.15 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
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APPENDIX 16 (continued): Percentage pollen count summary· surface samples 
....... Detracltocl 
Number 
--
Aral .. _ 
·--
, ....... Aa.oJa MyoporaHH ._ Lo 
1 0.00 0.00 1.54 0.00 1.16 000 0.00 2.31 
2 8.77 0.00 2.30 0.57 000 000 0.00 0.85 
' 
17.42 0.00 120 0.00 1.15 0.00 0.00 2.30 
• 3.47 0.00 1.73 o.on 3.08 0.58 0.00 0.00 
5 3.13 0.00 2" 0.78 0.00 0.00 0.00 1.15 
• 2.86 U3 3.57 2.14 2.31 0.00 0.00 0.00 
7 1.38 0.00 2.78 0.00 2.11!1 0.00 0.69 1.44 
• 2.88 0.72 10.07 2.HI 2.78 0.00 0.00 0.69 
' 
0.00 1.11 ue 3.33 0.71 0.00 000 0.71 
10 4.82 0.00 4.05 000 0.78 0.00 0.00 0.00 
11 4.60 o.on 2.30 000 222 0.00 0.00 222 
12 3.67 2.75 5.50 0.00 1.83 0.00 0.92 0.92 
....... 
,..,.,_, Aster-A AsMra-A  _ 
··-
.....,. 
·-
O.doftaMiriiJWirw DotlonaHW.aoaa Tullulllloru 16-1t wml Tubullflorae ("'20 "'"I Tubuliflorae ollunky) 
1 0.00 n.oo 0.00 0.00 0.00 3.08 1.54 n.oo 
2 0.00 0.57 0.00 1.15 0.00 1.15 0.57 0.57 
' 
0.00 0.00 0.00 129 0.65 0.00 0.00 0.85 
• 0.00 0.00 0.00 0.58 0.00 1.16 0.58 1.16 
5 0.00 3.13 0.00 000 0.00 .... 0.00 0.78 
' 
0.00 0.71 0.00 U3 0.00 2.14 000 1.43 
7 0.6& 0.88 (1.00 2.08 0.00 0.811 0.00 2.78 
8 0.00 0.00 0.00 0.72 0.72 1.44 1« on 
' 
0.00 0.00 0.00 2.22 0.00 0.00 o.oo 0.00 
10 0.00 1.18 0.00 0.00 0.00 0.58 1.18 0.00 
11 000 0.00 1.15 1.15 0.00 3.45 0.00 000 
12 0.00 2.75 0.00 0.00 0.82 1.83 0.00 1.83 
....... -~- ,';; .. ,_ . 
-
Nwlftber Llclltlflor.. lllnt-sDiriMI ChenoDOCI·- Gooden•- -~-
._ .. 
1 3.08 0.00 0.58 0.00 0.00 0.00 0.00 
2 1.15 0.00 0.85 0.00 0.57 0.57 0.00 
3 .... 0.00 0.00 0.00 0.85 3.87 0.00 
• 1.73 0.58 0.00 1.18 0.00 1.18 
0.58 
5 2.,. 0.00 0.00 0.00 0.00 1.58 0.00 
8 0.00 000 0.58 0.00 0.00 2.14 0.00 
7 1.39 0.00 0.00 0.00 1.38 1.39 0.00 
8 0.72 0.00 1.38 1.44 2.18 2.88 0.00 
' 
0.00 0.00 2.14 0.00 222 3.33 0.00 
10 0.58 0.00 0.78 
'" 
0.00 000 0.00 
11 0.00 0.00 1.11 0.00 0.00 0.00 000 
12 0.00 0.00 0.82 0.00 0.00 0.92 0.00 
-·· 
.... 
-· -- --NumMr Bruslofl-sum Amperu Euphor .. llo-
..... f<SCI!II'II :S0-10 pm) Poa-sllm 
1 0.00 0.00 0.00 3.08 8.23 32.31 41.54 
2 0.00 0.00 000 0.00 0.57 5.17 5.75 
' 
0.00 0.00 0.00 0.00 0.85 3.87 4.52 
• 0.00 0.58 0.00 0.00 1.73 '" 8.67 
5 0.00 0.00 0.78 0.00 1.56 21.88 23.44 
' 
1.43 0.00 0.71 0.00 2.14 286 5.00 
7 0.00 0.00 0.00 0.00 0.00 4.17 4.17 
' 
0.00 0.00 0.00 0.00 .... 4.32 5.78 
' 
0.00 0.00 0.00 0.00 1.11 5.56 6.87 
" 
0.00 0.00 0.00 0.00 2.31 3.47 5.78 
11 0.00 000 0.00 0.00 2.30 8.05 10.3-4 
12 0.00 0.00 0.92 0.00 2.75 1.83 4.59 
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APPENDIX 16 (continued): Percentage pollen count summary· surface samples 
-·· 
Monolttelpsll•te 
Numller 
- ·-
Trllltet.rns resum t.rn s resum Cy~- ......... 
' 
0.00 0.00 Cl.OO 0.00 0.00 0.58 
2 0.00 0.00 0.57 0.57 0.00 0.00 
' 
,., 0.&5 0.00 0.00 1.15 0.00 
• 0.00 0.00 0.00 o.oo 4.82 0.00 
• 0.00 0.00 .... 0.00 2.30 1.15 
• 0.00 000 0.71 000 0.00 1.73 
7 0.00 0.00 0.00 0.00 50< 2.88 
• 1.44 0.00 1.44 0.00 0.00 0.69 
• 0.00 1.11 000 0.00 0.71 1.43 
" 
0.56 0.00 D-58 0.00 3.13 .... 
" 
0.00 0.00 2.30 0.00 3.33 0.00 
" 
092 0.00 U3 G.OO 2.75 2.75 
..... lno.t.111'1Mble .. d 
··-
H•loraoa-
·--
, . .,._ llestlon•- , .... ~kMWn rllns sum 
' 
0.58 0.00 2.31 0.00 0.00 1.18 
2 0.00 0.00 0.00 0.00 0.65 6.45 
' 
1.15 0.00 000 0.00 0.00 4.02 
• 0.00 0.00 .... 3.00 0.00 13.85 
5 0.00 1.15 0.00 0.00 0.00 3.45 
• 0.00 0.00 1.73 0.00 0.00 2.89 
7 0.00 000 000 0.00 0.00 5.0< 
• 0.00 0.00 0.00 0.89 0.69 3.47 
' 
0.00 0.71 0.71 0.71 0.71 5.00 
" 
0.00 0.00 5.47 .... 3.91 025 
" 
0.00 0.00 3.33 0.00 0.00 4.44 
" 
0.92 0.00 1.83 0.00 0.00 2.75 
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12.17 APPENDIX 17: Absolute pollen count summary· surface samples 
.. _ 
POLLEN TOTALS SUMMARY %Woody& 
··-
% lblnforett and trw fems %01hertrH1 % 8m.U trMs •nclshrul:ls ho ... _ %HerH %Ground hoJM 
1 0.00 46.15 1.54 7.69 44.62 0.00 
2 1.n 82.18 4.eo 3.45 uo 1.15 
3 0.00 83.87 323 2.58 9.88 0.85 
• 0.00 79.19 2 .. 6.36 11.58 0.00 
5 000 
"" 
6.25 U8 ,. .. 1.56 
' 
0.71 76.43 9.29 3.57 9.29 0.71 
7 0.00 
"·" 
.... . ... 7 .. 0.00 
• 0.00 86.19 14.311 5.78 1223 .... 
• 0.00 71.11 15.S8 0.00 12.22 1.11 
10 0.00 84.97 520 2.89 8.36 0.58 
11 0.00 79.31 
'" 
3.45 10.34 2.30 
12 0.02 73.39 12.&4 3.87 7.34 1.83 
..... ABSOLUTE POLLEN COUNTS OF INDIVIDUAL TAXA 
Number Arborul Pollen % Non..t.rborul Po...,. % 
-
.... ,__,. .. PNI-l"'SO .. m) ....... 
1 47.8& 52.31 362.11 0.00 0.00 0.00 
2 81.51 11.48 541.40 541.40 0.00 1624.20 
3 87.10 12.90 600.98 1802.94 0.00 0.00 
• "" 
17.92 1230.50 18.45.75 615.25 000 
5 67.19 32.81 762.85 1906.62 381.32 0.00 
' 
1111.43 13.57 383.33 72U6 000 383.33 
7 87.50 12.50 724.99 241.86 241.86 0.00 
' 
80.58 1U2 555.14 0.00 0.00 ll.OO 
' 
8U7 13.33 32023 000 0.00 0.00 
10 80.17 9.83 0.00 0.00 0.00 0.00 
11 83.91 16.011 ll.OO 1113.67 0.00 000 
12 87.16 12.84 0.00 0.00 000 103.96 
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APPENDIX 17 (continued): Absolute pollen count summary- surface samples 
...... Ast.ra-A Aster._ A Astera-A 
NumMr 
··-
....... 
. ... _ 
OociOIM .. friqwh OodoftNa W.oOM TubuliflorM(115-11pm) Tubullftou (>20 111'11 Tubulll'lara (ol'lunky) 
' 
0.00 0.00 0.00 0.00 o.oo 724.22 382.11 0.00 
2 0.00 541.40 0.00 1062.80 0.00 1082.80 541.40 1082.80 
3 0.00 0.00 0.00 1201.96 600.98 0.00 0.00 1201.96 
• 0.00 0.00 0.00 815.25 0.00 1230.50 815.25 2461.01 
5 0.00 1525.29 0.00 000 0.00 782.65 ll.OO 762.85 
• 0.00 l83.33 0.00 726.68 G.OO 1089.9$ 0.00 1453.31 
' 
241.86 241.86 0.00 724.&8 0.00 241.86 0.00 1933.30 
• 0.00 0.00 0.00 zn.st 277.57 555.14 555.14 555.14 
• 0.00 0.00 0.00 &40.47 0.00 0.00 0.00 0.00 
10 0.00 1149.79 0.00 0.00 000 574.80 1149.79 0.00 
11 0.00 0.00 558.&4 558.84 0.00 1870.51 0.00 0.00 
12 0.00 311.87 0.00 0.00 103.96 207.&2 0.00 415.83 
...... Astir.- a 
......... As..,_ .. L ullflorH , ....... _, Cheno ocl..._ 
·-- -~-
....... 
·-
.. 
I 124.22 0.00 0.00 0.00 0.00 0.00 0.00 
2 1otl2.80 0.00 0.00 0.00 541.40 541.40 0.00 
3 1802.9-4 0.00 600.98 0.00 800.98 3605.88 0.00 
• 1645.75 615.25 615.25 1230.50 0.00 1230.50 615.25 
5 1143.97 0.00 381.32 0.00 0.00 762.65 0.00 
• 0.00 0.00 1089.~ 0.00 0.00 1089.98 0.00 
' 
483.33 0.00 483.33 0.00 483.33 483.33 0.00 
• 277.57 0.00 0.00 555.14 832.71 111028 000 
• 0.00 0.00 320.23 000 840.47 960.70 0.00 
" 
574.90 0.00 574.90 574.90 0.00 0.00 0.00 
" 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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APPENDIX 17 (continued): Absolute pollen count summary- surface samples 
_,.. 
.._le!IWpsll* 
N11111Hr 
-
c- Trllftl t.m •p<~r. sum rem spor. sum Cyptra- ......... 
1 0.00 0.00 0.00 0.00 10&e.34 0.00 
2 0.00 0.00 5-41.40 S-41.40 1082.80 0.00 
3 
"'·" 
600.98 0.00 0.00 0.00 0.00 
• 0.00 0.00 0.00 0.00 0.00 815.25 
5 0.00 0.00 762.65 0.00 152529 782.85 
• 0.00 0.00 383.33 0.00 363.33 726.68 
7 0.00 0.00 0.00 0.00 0.00 241.68 
• 555.14 0.00 555.14 000 19-43.00 1110.28 
' 
0.00 320.23 0.00 a.oo 9e0.70 0.00 
10 574.90 0.00 574.110 0.00 0.00 1724.69 
11 0.00 0.00 1113.67 0.00 1113.87 S5e.M 
. .. . .. .. .. 
-
lltHWnniriiiiM•IIod 
N~~mllllr , ... , 
-
,......,. R••"--
-
unknown arain• sum 
1 0.00 0.00 362.11 72422 0.00 3259.01 
2 1082.80 0.00 ll.OO 0.00 0.00 3789.80 
3 0.00 0.00 0.00 0.00 600.98 8009.79 
• 615.25 0.00 2481.01 0.00 0.00 1230.50 
5 0.00 0.00 206928 782.85 19015.82 3050.58 
• ll.OO 383.33 383.33 383.33 383.33 2543.30 
T 0.00 0.00 0.00 241.86 241.68 1208.32 
• 0.00 0.00 0.00 0.00 0.00 1a43.00 
' 
0.00 0.00 960.70 0.00 0.00 1280-93 
10 0.00 0.00 172.4.89 0.00 000 2874.48 
11 ll.OO 558.84 0.00 0.00 0.00 1870.51 
12 10:US 0.00 201.112 0.00 0.00 311.87 
N J Williams Surface samples -absolute pollen data Appendix 17 
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APPENDIX 19 (continued): Core E12b: Summary of absolute pollen counts 
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12.20 APPENDIX 20: Core E12c: Summary of percentage pollen counts 
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TOTAl. PUCEHTAGE SUMIIARV 
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12.22 APPENDIX 22: Core F4c: Summary of percentage pollen counts 
.. _ 
PERCENTAGE TOTALS SUMMARY 
Dopth(m) % Rau1foreet 8nd trM fiema li Otho<!rMO " sm.n tree~: 8tld shrub~; l1W-&~ ,. ... ,. !10.....-1- ~Petn.n" Non-Arboreat Pollen " 
030 1118 5HO 878 HI 1808 OM 73 o45 21155 
O:tt>. 213 7500 021 306 021 000 1884 1311!1 
0 .. 518 7742 2M 452 1032 000 8518 1484 
054 000 7735 552 4 07 1215 000 8287 17 13 
058 000 7458 1271 330 147 085 8720 1271 
082 347 7181 1004 300 1120 0311 8533 1407 
010 000 eeu SOl 201 SOl 000 0208 704 
074 38S 571105 1152 148 1152 210 7883 2117 
078 233 110508 18 14 270 030 047 8744 1258 
018 150 1100 1350 150 1250 000 eeoc 14 00 
004 ... 8500 1857 118 1124 Ita 8580 1420 
102 510 8080 637 127 837 000 02311 784 
134 2>8 17 78 1587 000 307 000 0803 307 
118 I 49 1812 14 18 000 748 076 0110 821 
106 377 8887 1881 000 755 000 0245 755 
214 1>8 7034 1855 207 807 Oet 8828 1172 
2 42 255 ea 10 20311 256 573 000 01n 828 
251 014 n1o 1250 000 11 78 221 1803 1317 
-
.. _ 
PERCENTAGE COUNTS OF INDIVIDUAL TAXA(%) 
Depth (m) ,.,,. lanoloUt• P-(>SO""') c..- cy.- E-.,u. 
---
......... CHI.*InacMe (>28 ..,-n) c .. ...nn-.. ,n.n...,, c .. ...,._ .. (<Zl""'l CuuarinaceM sum 
030 2211 000 4 52 000 734 000 000 10 17 878 113 1808 
038 000 000 132 000 000 000 132 2500 858 000 31 5I 
048 000 085 323 000 104 000 000 2518 251 000 2774 
054 000 000 000 000 000 000 000 27 07 820 000 35311 
051 000 000 000 000 000 000 000 3051 508 000 3560 
082 0311 071 on 000 118 000 154 IOIIt 1081 030 lOst 
070 000 000 000 000 000 000 000 31188 704 302 4873 
014 000 000 073 000 202 000 000 18 78 8 57 202 21128 
078 000 000 000 000 041 000 118 1807 837 IM 2030 
018 000 000 000 000 000 050 1 00 1000 750 100 2750 
0 04 000 000 000 050 0 50 000 208 1381 10&5 208 27 22 
102 000 000 000 000 000 000 510 2038 14 01 3 18 3758 
134 000 000 000 000 000 000 238 2540 1508 070 4127 
11105 000 000 000 000 075 000 075 21112 748 4 48 3808 
108 000 000 let 000 let 000 000 2075 see 000 211 42 
214 000 000 000 000 Oet 000 008 12 41 828 000 2080 
242 000 000 084 000 000 000 101 1210 382 084 18M 
258 000 000 000 000 074 000 000 1838 221 000 2060 
N J w;n,ams C()(B F4c pen;entage pollen data AppendiX 22 
APPENDIX 22 (continued): Core F4c: Summary of percentage pollen counts 
Middle 
Dopcft (m) ~ Myrs,IMCNe Angophon I Btooctwood eucalypts ~·p. l(l5-llf'l'l) E~ op.t (20-19 11"'1 EUC"MypM ap 3 (10..11 ~Jm) Eue-'fptuta ap 4 (20--21 .,, Euc- ..., 
030 113 000 282 33ll 585 000 000 804 
038 000 000 2113 385 858 132 000 118< 
048 000 000 323 S45 18 77 128 000 2H2 
054 331 000 442 331 1215 276 1 10 1134 
ose 254 015 254 3 38 832 188 424 188< 
082 1 54 on 425 3M 818 2 70 1 18 13 80 
070 101 050 101 402 13 57 151 452 2382 
074 073 000 073 000 803 0 73 000 878 
078 1M 047 328 744 en 1M 083 2000 
OM 150 000 500 500 850 300 250 1800 
084 118 000 414 7811 4 14 533 0511 17 75 
102 , 27 000 573 1210 701 255 181 23 57 
134 1511 000 8:15 813 387 317 000 1587 
1M 000 000 148 870 us 2911 148 2313 
188 000 000 4n 4n 755 000 000 1228 
214 000 000 880 1103 1378 207 138 2828 
242 084 000 312 1338 10 ,, 127 181 2875 
258 000 000 882 882 us 882 441 2721 
.. _ 
Ooplh (m) ~·lypo ~- Othor--.. llelaleutc• .wn OthetMytt81CaM .......... -- Epee...,__ -.-.. 030 821 821 282 804 1751 000 000 000 228 
038 528 283 528 788 2388 000 000 000 528 
0 48 1181 128 387 518 1032 000 OM 000 000 
054 2 21 552 883 12:15 1271 000 000 000 27S 
ose 3 39 783 18 10 2373 1102 000 000 000 4 24 
082 734 308 425 734 13 13 000 000 039 116 
0 70 302 201 14 07 1808 1108 050 000 000 201 
0 74 1&25 0 73 848 1022 292 218 0 73 0 73 292 
0 78 278 278 877 1258 830 0 47 000 0 47 328 
OM 350 300 800 1200 14 50 050 000 050 150 
084 237 592 828 1420 1243 0511 000 000 414 
102 084 084 892 855 1210 000 000 000 255 
134 238 387 558 852 1032 000 000 000 238 
108 224 224 1288 14 83 1110 075 000 000 149 
188 860 1132 1415 2547 1887 188 084 000 51515 
214 4 14 000 4113 4113 1034 080 000 000 207 
242 &37 I 27 855 10113 1485 I 27 000 000 181 
258 284 I 47 284 441 1544 074 000 000 000 
N J Wilhams C0<8 F4c percentage pollen data Appendix 22 
APPENDI.X 22 (continued): Core F4c: Summary of percentage pollen counta 
........ 
Depth (m) FabaoMe lype 1 Fa.baee• type 2 Fabouootypo3 FabKeMsum Oyroti..,OMCeM AcltCJ• 
-· .. 
c_,....., t..pf- Podoearp.c.• 
-"'· -030 000 055 000 055 000 055 113 282 2112 000 000 000 
038 000 000 000 000 000 000 132 132 821 000 000 132 
ooe 000 000 000 000 000 005 000 1&4 000 000 000 000 
054 055 1"" 000 221 000 055 000 055 442 000 000 000 
055 000 168 000 16e 000 000 015 33& e78 000 000 000 
082 110 000 000 118 000 Olt 154 210 232 03& 154 000 
070 000 000 000 000 000 000 050 050 1108 000 050 101 
074 000 14e 14e 2&2 000 013 4 38 219 1152 000 000 0 73 
078 0 47 000 0 47 083 000 000 320 555 1208 000 000 2 79 
018 000 000 050 050 000 050 250 500 eoo 000 000 150 
0&4 000 osa osa 118 000 000 355 355 710 118 059 118 
102 000 000 127 127 000 0114 127 127 1083 000 000 000 
134 0 78 000 078 158 000 078 158 835 1508 000 000 238 
, .. 000 0 75 000 075 000 075 74e 224 15157 000 000 0 75 
1M 000 000 000 000 000 0&4 377 377 1508 000 000 377 
214 000 000 000 000 068 5S2 483 009 414 000 088 4 14 
242 000 000 000 000 000 127 318 510 14 01 000 084 3112 
258 074 074 000 147 000 147 U7 000 11 715 000 000 308 
.. _ 
A1terece• ........... 
"*'--
AM.,.ceMB 
Oo,.h(m) c.p,....... Rlb<eoo -.._... Oodon-- Tubufiftor• A (15--11 ~) "'Tubuhftor• A (chunky) Uguhftor• (blunt•plnodJ Ct.nopod~Ke• X an- Apl ..... HydrocotJo 
0:!0 000 000 000 000 452 000 2112 058 3:18 000 000 000 
038 000 000 000 000 283 132 000 000 000 000 132 000 
ooe 000 000 000 000 258 1&4 000 000 128 000 000 000 
054 000 000 000 000 3 31 ... 000 000 3 31 000 000 000 
058 000 000 000 254 338 000 000 000 424 000 000 000 
082 000 03& 000 on 308 000 000 000 425 000 000 000 
070 050 000 000 050 201 000 000 000 101 000 I 01 000 
074 0 73 000 000 000 14e 000 000 000 14e 000 073 000 
0 78 000 0 47 047 0 47 2 78 000 000 000 3n 047 140 000 
018 000 050 100 000 050 100 000 000 050 000 000 050 
0&4 000 000 0 58 000 178 000 000 000 118 000 000 000 
102 000 000 000 000 084 084 000 000 440 000 000 000 
134 000 000 158 000 000 000 000 000 078 000 000 000 
... 000 075 000 000 000 000 000 000 000 000 148 075 
1M 000 000 000 000 000 000 000 000 000 000 000 000 
2 14 000 008 207 000 oee 068 000 068 207 000 000 000 
242 000 000 318 1 27 181 0114 000 000 181 000 0114 000 
258 000 0 74 308 074 000 000 000 000 0 74 000 000 000 
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APPENDIX 22 (continued): Core F4c: Summary of percentage pollen counta 
........ MonoMt«peU8te 
-1m) ... a+eaceM 
-
PW~t.., (n.Jtrw) 
. ........ )()$""') lkOco ~ Tntewtem~sum tern spore sUftll Cypo<..,._. 
-
llolotogocue 
OJ< 113 000 000 1585 000 000 000 0511 1t77 1017 0511 
038 000 000 000 759 000 000 000 000 1053 132 000 
o...s 000 085 1211 774 000 000 000 000 15 48 1114 000 
os.o 110 000 000 1105 000 000 000 000 2210 U7 000 
051 000 000 oa5 783 000 000 000 oas 1841 832 000 
082 on 038 000 827 000 000 000 039 20011 425 039 
070 000 000 000 4 02 000 000 000 000 553 151 050 
0 74 000 000 000 1878 000 000 000 219 13 14 730 073 
07& 000 000 0 47 851 047 0 47 000 000 1023 485 047 
0811 200 050 000 850 000 000 000 000 a so 100 000 
0114 000 000 058 10&5 000 058 058 000 355 847 000 
102 000 084 084 s 10 000 000 000 000 510 084 000 
1 34 000 000 000 387 000 000 000 000 558 23& 000 
1 80! 000 000 0 00 522 000 075 000 000 587 075 075 
1 M 000 0 00 2 83 4n 000 000 000 000 see 159 000 
214 000 000 0118 828 000 000 000 0118 1034 278 000 
242 000 000 000 510 000 000 000 000 512 127 1 27 
251 000 000 000 11 70 000 000 074 147 147 000 074 
-
.. _ 
lncMtermiMbfe OTHER POLLEN RESULTS 
Ooplhlm) ~ TrigjocNn 
---- -
TyP/Io and unknown ,, .. ,.. .urn Tabl pollen counl..t (u merMr) Drytand poHen sum Totlf pol'-n tn umple Total poltltn pet fl.,.._ DrytondiA- tna rotlo 
030 000 14237 000 228 5011 1073 5-0300 20500 844287 50 247802 82 084 
03& 000 101 32 000 283 385 1842 111400 8900 230187 47 10...S3087 OM 
o...s 000 125 81 1211 000 1211 518 40000 180!00 810217 14 23.o<!M80 0 73 
os.o 055 5-014 000 055 275 11!!0 39300 21&00 524518 05 13114001 142 
051 000 4881 000 000 87& 1271 27100 15800 3151744 3S 150728., 184 
082 000 8255 000 183 3 47 3 811 s.oaoo 211800 847847 20 1815181 80 123 
0 70 000 2281 101 000 251 0 00 32200 25500 150877 55 8980fl 75 381 
0 74 0 73 7007 000 000 000 000 30400 17800 4057114 40 20288720 1 41 
0 78 000 5183 000 233 180! 837 44700 27800 238871110 52808205 180 
088 050 23 so 000 100 000 500 32500 244 00 115557000 32135278 35-0 
0114 000 4320 000 288 17& 788 32300 20700 21557& 28 82'914 72 201 
102 000 25 48 000 000 0 00 181 24~00 187 00 531804 24 2'21585 10 4 02 
134 078 34 82 000 0 00 0 00 7 14 22300 15900 793780 ao 330748 17 2&9 
180! 000 1045 075 224 075 7...S 21500 17800 2551()4 87 87132 81 5 07 
1811 000 822e 000 283 0114 5118 23400 15000 24M83t2 11358380 112 
214 000 5-048 000 138 088 880 28000 18900 24817200 1132!!000 107 
2 42 000 8497 000 084 084 127 32500 201 00 2·47800 71 11288214 185 
251 147 5308 000 147 000 .. , 24700 181 00 283780! 30 10890286 201 
-------
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12.23 APPENDIX 23: Core F4c: Summary of absolute pollen counts 
M- PERCENTAGE TOTALS SUMMARY Dopelo(m) .. RMnfofat end tree twns 
"'""*"-
~ Sft\all u- Mel .twubl "'Woody&,__. 
"'-
.. Oroundlomo AtborMI Poe&.n % ~on-Arboreal Pd&.n ... 
OJ< 1118 suo 871 781 1800 058 73<5 2SSS 
038 283 7500 f21 3ts 021 000 1884 131& 
048 518 n•2 25& •52 1032 000 8518 1484 
06' 000 nJS 552 •o7 121$ 000 8217 1713 
051 000 1•sa 12 71 330 147 085 1720 1271 
082 347 7181 100. 300 1120 038 8533 14&7 
0 70 000 1803 803 201 503 000 821111 70. 
07• 385 57118 1752 146 17 S2 218 7113 2117 
0 71 233 1181111 18 14 2 70 030 o•1 17 .. 12511 
018 150 7100 13 50 150 1250 000 1800 ,.oo 
004 . ,. 8500 18 57 1 78 1124 118 8580 ,.20 
102 510 1080 837 127 837 000 8238 784 
134 238 n1a 15 87 000 307 000 111103 3f7 
188 1 •o 7812 1418 000 Tole 075 81 78 821 
11111 3n 8887 1811 000 7SS 000 8245 7 55 
2 ,. 138 7034 1855 207 807 080 1828 11n 
242 255 8870 2038 255 573 000 o1n 828 
251 074 n1t 1250 000 11 70 221 8803 13 87 
M- ABSOLUTE COUNTS OF INOIVIOUAL T A7oA 
Dopelo(m) ,.,.,._......,.,. P-(>501"") C.•- cy.-
- ---
.......... CUU«inace• (>111 ~) c .. -(u.a...,t Cuuori ...... l<23'"") ~sum 
0~ 1825 .. 000 J85087 000 Sf3287 000 000 8214 48 5478 31 112n 141!10349 
031 000 000 53833 000 000 000 53033 10247 33 280887 000 12044 00 
048 000 58875 2933 74 000 1750 24 000 000 22883 ,. 234808 000 2523013 
06' 000 000 000 000 000 000 000 1&35151 500680 000 2135780 
051 000 000 000 000 000 000 000 2002275 3337 13 000 2335018 
082 2111183 58327 58327 000 llfOO 000 11M 53 15128 30 1305 73 2111183 2373087 
070 000 000 000 000 000 000 000 15780 41 302e 38 120702 20103 81 
074 000 000 M743 000 2880 70 000 000 15350711 11000 13 2880 70 24027 30 
078 000 000 000 000 1405, 000 5820•2 57110932 2S2f18f 5820•2 88521 53 
018 000 000 000 000 000 tl878 uanse 37573 58 14&31 87 11117750 54382 78 
004 000 000 000 258 70 25870 000 1283$1 590ol ,. 482083 128361 1180829 
102 000 000 000 000 000 000 7118 20 2847880 1i517 80 .... so 52504 10 
134 000 000 000 000 000 000 4448 50 47481 33 21180 17 1443 17 nt24&7 
1M 000 000 000 000 31225 000 31225 10028 60 312248 1111347 15924 53 
, .. 000 000 87010 000 87010 000 000 10157880 291240 000 135V1 20 
214 000 000 000 000 •o. 50 000 
-60 netoo oOe54 00 000 12135 00 
2•2 000 000 34871 000 000 000 104014 8587 57 2080 20 34871 9014 57 
251 000 000 000 000 ... ts 000 000 11123 75 1334 85 000 I 1245860 
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APPENDIX 23 (continued): Core F4c: Summary of absolute pollen counts 
"'-Ooo<h , .. , ~ lolf'Y'- _,_ouoolypb 
--•• I (1$-111""1 ,.,._.,t(~ ... , E.._ ... l(ICI-101"") 
- .. ·r~ ... , E.._...., 
030 e12n 000 228179 27311~ 4543 58 000 000 7301 74 
038 000 000 107187 1CUIOO 2eM87 531133 000 <854 00 
048 000 000 2i3374 51S747 15~43 1173 4Q 000 222ell40 
OS4 200228 000 :!M$70 200228 7341 ea 181!8501 11870 1187g84 
058 181!8501 55818 181!8501 22247$ 511808 1112 38 2780114 122315 13 
082 uee SJ 58327 3282 87 200833 .. 74813 207S.e3 eeuo 10871 eo 
010 43234 21817 43234 1m38 583851 ll<ll51 11145 53 10158118 
07< e&743 000 11870 000 734181 815743 000 8008 10 
078 5820 42 140511 8835 74 22481e8 2050721 5820 42 281021 80418 53 
0118 200833 000 M8778 8887 78 1N0822 5832 87 4a438t 37573 58 
0114 51340 000 118881 333713 118881 2310 32 25870 170100 
102 1mao 000 8008 10 18808 10 878180 :JSSg 80 200970 32828 30 
134 200833 000 11885 33 1G314 83 741513 593287 000 28803 33 
181! 000 000 82448 4058 HI 3748 gs 1248 98 82-4 48 887H1 
188 000 000 2427 00 2427 00 3883 20 000 000 831020 
214 000 000 4045 00 14noo 80110 00 1213 50 80800 18564 50 
242 34871 000 2000 28 7281 00 ~S47 43 88303 104014 14582 00 
258 000 000 4004 55 4004 55 5784 35 4004 55 :!M$70 104315 
"'·-Ooo<h , .. , -olwulypo 
--.u- Othot--.. --.u ..... Ot.h« Myrt~teNe At .. iac»M 
-
fpocll"-• --.. 
030 5018~ 5018 gs 228179 7301 74 1414713 000 000 000 1825« 
038 215733 107887 2157 33 323800 8708 00 000 000 000 2157 33 
048 10581 45 117341 352048 488388 838788 000 511875 000 000 
054 1334 85 333713 4004 55 7341M 7875 30 000 000 000 181!8501 
058 2224 75 5006811 10507 58 1551325 nJO« 000 000 000 278084 
082 583803 237307 3282 87 583803 10086 53 000 000 28883 eeuo 
010 120702 184M 805278 811744 47~74 211517 000 000 88468 
074 1esa583 1!0743 8818 53 0343110 :!M$10 200228 8870 88743 :!M$70 
018 843083 843083 2050721 J7aJ7 ac 2110211 140511 000 140511 883574 
0118 e821« !.83'287 tneeoo 2373087 28&74 se 88878 000 M878 20M33 
084 102881 2587 02 3583 83 8180 85 531)0 74 25870 000 000 11Q681 
102 88980 eeuo 12•$8 eo 13348 50 18008 10 000 000 000 3558 eo 
134 «4050 741583 1038217 1778800 18281 17 000 000 000 «4050 
1 88 838 7 .. 03874 5308 11 824401 488388 31225 000 000 &2-4 4SI 
188 330780 5824 80 7281 00 13105 80 8708 00 87080 48540 000 2812 40 
214 2427 00 000 2831 50 2831 50 808750 404 50 000 000 121350 
2 42 3467 1-4 1583'3 520011 588414 787-4 43 88343 000 000 104014 
258 177880 """00 177080 2880 70 834385 «485 000 000 1000 
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APPENDIX 23 (continued): Core F4c: Summary of absolute pollen counts 
Middle 
-tm) F-..e.•type1 F8beoeae type 2 F.O....typo3 F.O.C.••~~m ~ ....... -.. eo.-
,_ 
- -030 000 45<1JS 000 450JS 000 45<1JS e12n 2281 " 2281" 000 000 000 
038 000 000 000 000 000 000 ~33 ~33 3775 33 000 000 53933 
04<1 0 00 000 000 000 000 581175 000 175024 000 0 00 0 00 000 
OS< 333 71 1001 14 000 t 334 as 000 33371 000 333 71 2eee70 000 0 00 000 
058 000 111238 000 111:131 000 000 55<118 2224 7§ 444850 000 000 000 
082 1811110 000 000 889110 000 291153 118853 207543 171110 291153 111853 000 
070 000 000 000 000 000 000 21817 21517 47!1.5 74 000 21817 43234 
074 000 1334 85 1334 85 28M70 000 fJS7 .. 3 4004 55 200228 18018 20 000 000 887 43 
078 140511 000 1405 , , 281021 0 00 000 0835 74 1081812& 3&532 74 000 000 8430113 
oaa 000 000 .... ,. ea878 000 .... ,. 494389 8887 78 1779800 000 000 ~33 
084 000 25<170 25<170 51340 000 DOO 154021 1S402t 308042 51340 25<170 51340 
1 02 DOO DOO tnoao 1711110 000 
-110 1711110 1711110 1$128 30 DOO 000 000 
134 148317 000 141311 ~33 DOO 148317 ~33 1188533 21110 17 DOO 000 4440 50 
108 DOO 31225 DOO 312 25 DOO 31225 312248 838 74 SS57 15 000 0 00 31225 
1M DOO 000 DOO DOO DOD 4<1540 tSMt eo 1941 1!10 77815 40 000 DOD tee t eo 
214 000 000 000 DOD 404 50 323&00 2831 50 404 50 2427 00 000 404 50 2427 00 
242 000 000 000 ODD 000 80343 173351 2n371 7827 71 000 34<171 201!029 
258 444 85 444a5 000 ... 110 000 1188110 1188110 000 35588 00 000 000 m • 75 
....... Aot«--
--- --- ---· -tm) c.,.._ 
-- --
Oodot>-- Tubullftof•A (1S.111'f"'') Tubuhftor• A (c.h&.wtky) Lltl"•" ..... (Oiunl.oplnod) C~ec.- "- ~ Hydr-a. 030 DOO 000 000 000 3&50 87 000 2'28178 45<13& 2738 15 000 000 000 
0 38 0 00 0 00 000 000 107887 53833 000 000 000 000 53933 000 
04<1 000 000 000 000 2348 89 17802o4 000 000 11734V 000 000 000 
OS< 000 000 000 DOD 200228 100114 000 000 200228 000 000 000 
058 000 000 DOD 1aao50 2224 75 000 000 000 2710 84 000 000 000 
082 000 291153 000 50327 237307 000 000 000 32e2 87 000 000 000 
070 215 17 000 000 21517 116468 000 000 000 432 34 000 02~ 000 
074 08743 000 000 000 1334 as 000 000 000 1334 85 000 08743 000 
071 000 140511 140511 140511 843053 000 000 000 t1240M 1405 11 4215 32 000 
oaa 000 .... ,. tense 000 .... ,. ten 54 000 000 M878 000 000 118878 
084 000 0 00 25<170 000 770 11 000 000 000 51340 000 000 000 
102 000 0 00 000 000 MGIIO MGIIO 0 00 000 e229 30 000 000 000 
134 000 000 ,_33 000 000 000 0 00 000 148317 000 0 00 000 
108 000 31225 000 000 000 000 000 000 000 000 1524 0 31225 
1M 000 000 000 000 000 000 000 000 000 DOO 000 000 
2 14 000 40450 1213 50 000 404 50 404 50 000 40450 121350 000 000 000 
2 42 000 000 173367 eGJ • J 1040 , .. 34871 000 000 104014 000 348 71 000 
258 000 444 a5 2224 75 444~ 000 000 000 000 444 a5 000 000 000 . 
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APPENDIX 23 (continued): Core F4c: Summary of absolute pollen counts 
Mldclo MonoMtetp•dau 
Doptll(ml Bra .. lc.KeM ,._.. ,..,._, ......... , Poocuo (»..OO!M'I lkfx:• CMo<:hiMna TrUete tern spore sum fern apofe sum Cypefaceae Eleoclt.n. HaiOfagace• 
030 1112 72 000 000 1381l0 77 000 000 000 <50"' 1S41n50 821.t 40 <50301 
038 000 000 000 3231100 000 000 000 000 4314 tl7 53033 000 
046 000 581175 11730 7040 87 000 000 000 000 14011 83 178024 000 
Os.t .,43 000 000 81574~ 000 000 000 000 133<8 50 3003<1 000 
050 000 000 550 ,. 5005811 000 000 000 550 ,. 127D2 31 8118015 000 
01!2 !11327 2081!3 000 711820 000 000 000 ~·3 15424 93 321!2 07 ~83 
0 70 000 000 000 1720 38 000 000 000 000 2377 87 848 51 21617 
07< 000 000 000 15350 7& 000 000 000 2002 2& 12013 85 0874 25 11017<3 
0 1& 000 000 140511 18071 .. 7 140S 11 140511 000 000 30812 32 14051 OS 10511 
OM .185511 
-7· 000 1871078 000 000 000 000 1880022 tense 000 
004 000 000 25070 <1!2083 000 250 70 25070 000 154021 4107 23 000 
102 000 aeooo 118000 711820 000 000 000 000 11 18 20 aaooo 000 
13< 000 000 000 741583 000 000 000 000 10382 17 - ·50 000 
11101 000 000 000 21asn 000 31225 000 000 2411788 31225 31225 
, .. 000 000 145520 2 .. 27 00 000 000 000 000 2i12 40 97010 000 
2 I< 000 000 <0<50 • .,.. 00 000 000 000 <0< 50 11087 50 151800 000 
2<2 000 000 000 2n111 000 000 000 000 <as.tOO 8113 <3 81130 
258 000 000 000 7111120 000 000 - 116 aaooo aeooo 000 ..... 
Mlddlo lncW:ti'mlnable 
llojllllfml ~ Trlflod!ln ..,__ 
-
Typho and .,...nown gr.tns aum 
030 000 11S002 48 000 11!25 « 410723 M70112 
03& 000 4152167 000 1078 87 181100 755067 
046 000 114415 71 1113411 000 1173 .t9 460308 
Os.t 3ll71 32703 83 000 33371 1008 50 7007 Sle 
058 000 30500 31 000 0 00 444D 50 834281 
0112 000 «<ls.tOO 000 14$3 17 
-70 201101 33 
070 000 8727 65 023< 000 108085 000 
07< e8743 a.onoo 000 000 000 000 
07& 000 1 ....... 000 7025 53 5820 <2 20201 aa 
OM 01&7& <a<n50 000 tense 000 11865 33 
004 000 1873112• 000 1213 51 77011 3337 13 
1 02 000 35508 00 000 000 000 211019 70 
13< 148317 &5251133 000 000 000 13348 50 
11141 000 437144 31225 IiillS 74 31225 312245 
108 000 320301<0 000 14515 20 <185<0 2SU2 40 
2 1< 000 31116550 000 1104100 <0< 50 <0<500 
2<2 000 35301< ee 000 3<8 71 3<871 .. 30 
258 80000 32<&1 35 000 80000 000 21101970 
.. ,_ 
TOTAL ABSOLUTE POLLEN COUNTS 
llojllll(ml I!Io<tco R .. nfotMt and tree r.m. .,.,_.._ Sm.aH U.. Md atwube Woody&-. 
-
Gto..ftd .... ,. ...........,... Ur*I"'IWN and lndetemu~Mib~e:& 
030 112!> 44 05413 Sol ~1SI585& 1121< 46 8127 111 14803 4 51 2020 70 14SS7e51 M70 82 
03& 000 107887 33978 00 755087 unaoo 3775 33 75507 4;()7833 7550ri7 
0<41 000 <410308 7510385 2033 74 5200 73 03&798 187750 13200< .. 4683 98 
Os.t 000 000 ()4061 43 83<0 Sol 5005118 73<1at 1<1101"" 51381 73 700798 
058 000 000 54517 75 1278131 5005811 5581 &8 1112 38 5305010 1342 , , 
0112 ~83 241e1170 1104104113 07a& OO 5030103 &80237 172047 7118200 20110133 
070 000 000 44314 18 73'8 78 120702 21&1 70 <32 3< 1<48338 000 
0 7< 000 3337 13 1!207053 3270313 -70 18018 20 320341< 8<00555 000 
0 78 000 7025 53 2<027300 81331&4 18871 47 2810211 5820 . , 214M1 11 25201 80 
086 000 20110133 164137 11 <So183 78 305611 24718 44 <943 8~ tt22587 11865 33 
004 000 17Sie81 3<308 oe 102a&041 1283 51 <&77 3< 075 <7 
-030 3337 13 
102 000 711820 12413016&0 2<01720 1001 10 
-00 177880 4)805 10 241410 70 
13< 000 -~50 16314133 503281!7 148317 7415 83 14&317 81574 17 133<8 50 
11101 000 112< <0 380!13 M 1280207 000 31224& 524 48 0055 12 3122 46 
108 000 104100 <85<0 00 141<<5 20 000 3&8320 71&&4 3788120 2012 40 
2 1< 000 80!100 « 000 50 15371 00 2427 00 5258 50 1051 70 40854 so 40oll500 
2<2 000 13&41M 43339 20 1e41SOO 2427 00 3120 43 112< 00 .C22Q8 , .. M343 
258 000 ... .. 487U175 1557325 ... .. 711820 1·423 &4 35508 00 -70 
-- ----- - · --
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12.24 APPENDIX 24: Summary of microscopic charcoal counts· Cores E12b, E12c and F4c 
Co,. E12b Core E12c 
..... .,. .... ,... .,... ,.........,.. .......... llootOMOJIM tNr...Wpololn 
per eram tmm!1 'I MnMnlratkw\ (x1o• mm, 
__ , .. ,
At.a I'NetM~ eMtfOM ,.,oaeop~o ehllt ... ,..,. 
per aram (.nm'e''J ..,.,.,., .. ion (a to• '"""") 
002 ,., 1087 ,., 054 143 
008 828 1420 150 058 130 
010 .,,, 087 152 041 104 
0 t4 283 2. 1 .. O>S 052 
018 283 &00 151 0,. 011 
022 454 147 180 047 012 
028 241 , .. 182 011 0&3 
034 380 ,.,., 105 o• 1&3 
031 2ot 207 187 01'2 1. 
042 ... 4 .. 110 011 104 
048 OT.I ... 11'2 028 042 
0&0 o .. 012 110 014 011 
054 142 ... 
0&1 040 1:21 
082 001 , .. Core F4c 
o• 075 102 
010 047 071 
__ , ... 
...... ,..,__,.,. .,._. ,.,...,....,...~ 
per l t.,.Cmm't '1 
.onMftratiOn 1&10' "'"''~ 
074 1T.I 144 0-30 154 3043 
011 on 243 038 8T.I .... 
012 245 241 o• 1438 .,,., 
o• ,,. 441 054 10 .. 1111 
000 ,., 211 0,. 1711 11713 
0114 2n ... 012 807 ., .. 
o• ,, 002 010 2211 321121 
102 4t1 lot 074 700 3452 
101 180 211 071 212 410 
110 436 183 001 ... • •• 114 252 311 0114 816 101 .. 
111 341 ., 102 343 16&0 
128 1!: ,0 2451 134 438 1511 
134 11ol0 .... 1. 352 5231 
,., 111 1131 111 321 2811 
1&0 ,., ,., 214 301 2102 
1 .. 121 10 .. 142 822 ,.17 
101 301 712 2 .. .,., 4451 
''" 
110 ,. .. 
112 711 2444 
1110 ,, 1510 
111 110 2272 
208 151 ... 
214 ,.., 2200 
222 .,. ... 
230 543 , .. 
231 328 741 
, .. .. .. 810 
254 883 2041 
212 542 8)1 
210 312 114 
211 1008 1851 
, .. 124 1553 
2114 ... 708 
302 841 , .. 
310 105 , .. 
311 83& 511 
328 1000 1308 
334 840 1711 
,., 880 .,., 
350 12S 1130 
... 111 2083 
... 183 .... 
314 , .. 
""" . ., 840 1150 
300 ... ,.,., 
301 3&0 2011 
402 011 110 
410 011 111> 
411 001 011 
434 000 000 
450 007 &10 
411 000 000 
482 001 ... 
4tl 001 .,. 
514 003 122 
&30 005 &28 
548 002 3:21 
512 001 1401 
5711 005 1045 
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12.25 APPENDIX 25: Core E12b: Summary of macroscopic and megascopic charcoal data 
~-. 
Ago(" C - IIP) Depth (m) Ar•a maorosoopic charcoal Maoroscopto charcoal pieces Area macrosooplo charcoal/ Mepno~ cha!rooal (>2mm) 
(OSL·YNriO<IO) per gram (rrm1g 1) · lv'l pol"n concentration {x101 mm~) (abundance) 
002 57 2e 35112 83 85 000 
006 1 40 30 70 242 000 
0 10 4 22 3888 5 78 000 
014 52 &a 358 00 58 87 000 
018 52 83 410.87 11111 000 
7.080. 50 022 aa 74 50072 185 23 000 
o:ze 3011 25857 4885 000 
034 58 81 333 33 215 01 0 00 
8.080. 50 038 181 29&8 281 000 
0 42 13 15 157 2e 38 42 000 
048 883 88 27 47 08 000 
050 014 3 57 o:ze 0 00 
10500t80 054 2 73 28 18 885 000 
osa 218 3701 888 000 
0 82 2 49 55 05 706 000 
066 3 35 3442 4 52 0 00 
10520t80 070 0 55 U3 084 000 
11.210t 70 0 74 041 472 0 35 000 
10.470. 100 071 8 52 128 81 20 58 000 
10.590, ao 012 5280 398 43 5181 000 
28 840 t 270 086 015 3 78 018 000 
090 011 184 011 000 
094 5 38 7472 10 86 000 
ova 01a 888 2 47 000 
33 750. 320 102 17 02 105 38 27 77 000 
106 000 000 000 000 
34.020. 340 110 1280 118 31 1850 000 
32.350. 280 114 42 72 275 84 5287 0 00 
118 24 37 182 84 83 78 000 
12e 4281 28844 68 50 300 
134 7384 529 33 215 22 300 
142 2110 17851 3811 • 00 
1 50 3 74 1.20 1.28 2 00 
158 521 8583 883 100 
188 22 37 11818 sa 57 000 
174 20 88 178 13 eo 73 200 
38 530. 1320 182 4782 29388 163 55 200 
38.0801 130 190 51 54 30350 11383 200 
185 8785 594 10 244 50 200 
206 3038 238 57 31.72 3 00 
214 17815 838 01 288 73 • 00 
222 133.24 54085 15203 300 
230 18 2e 188 02 25 78 000 
2.31 584 7115 13 53 000 
248 3883 20680 85 83 000 
254 141 74 120 78 33503 300 
282 17 12 157 04 1882 200 
2 70 101 89 783 90 22711 200 
2 78 10745 sas86 178 33 000 
286 10 38 11588 1747 000 
294 2 57 3885 382 000 
302 85 20 57074 118 54 000 
310 55 38 427 05 118 58 000 
318 3283 273 50 2e 58 000 
3.28 86 25 48385 111 87 000 
334 sue 483 30 134 82 000 
342 8118 352 27 9038 3 00 
350 51 88 387 45 8088 000 
3.58 29 35 :ze8 32 75 78 300 
386 as oa 41487 180 12 400 
3 74 83 33 402 88 21120 0 00 
3 82 55 87 38487 1&8 32 400 
390 34 50 237 50 17130 000 
385 13 72 137 38 11 58 000 
4 02 418 5458 8782 000 
700001: 5000 410 185 31 38 8 05 000 
418 141 1122 15 58 000 
• 34 708 88 43 105 88 000 
450 318 51 51 2« 28 000 
•as 180 2705 170 71 200 
482 2 05 1748 291 78 000 
4 88 208 47 21 133 53 200 
514 0 20 5 02 8 65 0 00 
530 22e 2108 258 as 000 
545 o aa 1403 110 72 000 
562 100 12 77 22006 000 
5 78 018 12 01 171.14 000 
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